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Abstract
Assessing sediment production and transfer on a range of time and spatial scales is in-
dispensable to understand Earth’s surface dynamics and landscape evolution processes.
Linking and quantifying these processes from erosional source areas through to depos-
itional sinks is crucial to apprehend down-system signal propagation and modification.
Cosmogenic nuclide analyses have proven incredibly useful to investigate a variety of geo-
morpic landforms and processes along such sediment conveyors on 103–106 year timescales,
but have to date largely focused on steep landscapes.
This thesis utilises cosmogenic 10Be and 26Al abundances, measured in exposed bedrock,
hillslope soils, and modern stream sediments, to investigate and link sediment production
mechanisms and transfer dynamics in three post-orogenic, low-relief catchments (Finke,
Macumba, Neales) covering >100,000 km2 of the Eyre Basin in arid central Australia.
In the studied catchments, 10Be-derived bedrock erosion rates of ∼0.2–7 m/m.y. decrease
with rock type strength in the following order: conglomerate, sandstone, quartzite, and
silcrete, with lithology likewise controlling hillslope morphology. Along the slopes, differ-
ing nuclide abundances reflect main sediment transport processes, which are dominated
by slope-wash and downslope creep. Creep is driven by shrink-swell processes, which also
promote upward migration of gravels detached from underlying bedrock. The production
and exhumation histories of these mantle gravels were reconstructed by conducting Monte
Carlo-based modelling, with the result that subsoil bedrock erodes at <0.1 to ∼10 m/m.y.
These erosion rates equal 2–6 m.y. or more that particles spend in the upper 0.6 m of
the bedrock column and additionally at least ∼0.2–2 m.y. while in transit towards the
soil surface. Aeolian dust-derived silty soils, which spark shrink-swell processes, thereby
promoting upward gravel migration, date to at least 0.2–1 m.y., in line with intensified
aridity. This slow hillslope evolution over 105–106 years, indicates independence from
local base level, suggesting top-down evolution, driven by authigenic sediment production
rates rather than fluvial incision as in tectonically active settings.
Stream sediments retain the distinct lithological signal determined by headwater erosion,
with post-orogenic ranges and silcrete-dominated areas yielding catchment denudation
rates of ∼6–11 m/m.y. and ∼0.2 m/m.y., respectively, despite sediment mixing over
hundreds of kilometres. Apparent burial signals of <500 k.y., derived from 26Al/10Be
inventories in hillslope soils, are likewise reflected by headwater stream sediments, but
increase overall downstream. Minimum cumulative burial is generally ∼400–800 k.y., and
can reach up to ∼1.1 m.y. The increasing burial-signal magnitude correlates with more
abundant sediment cover downstream, reflecting assimilation from long-exposed storages,
such as alluvial fans, desert pavements, alluvial plains, and aeolian dunes. In agreement
with findings of previous studies, this suggests that preservation of 26Al/10Be signals
is favoured by high sediment supply rates, high mean runoff, and a thick sedimentary
basin pile, whereas signal masking prevails in landscapes of low sediment supply and
discontinuous flux, and juxtaposition of sediment storages with long exposure histories.
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Chapter 1
Rationale
1.1 General Introduction
1.1.1 Aim of thesis
The overall aim of this thesis is to assess and link long-term sediment transport dynam-
ics of different geomorphic domains in low-relief and arid post-orogenic landscapes. To
achieve this aim, the thesis investigates abundances of cosmogenic nuclides (CNs) 10Be
and 26Al in sediment-supplying source areas and further along the transfer zone.
1.1.2 Motivation
Sediment transport processes sculpt landscapes through mass redistribution on the Earth’s
surface. Their nature and rates vary greatly across the globe and have important implic-
ations on geomorphology, local to regional climate and tectonics, human development
planning, and food security. For example, the downwearing of mountain ranges signi-
ficantly affects regional rainfall patterns and causes isostatic rebound. Conversely, mass
wasting processes (e.g. landslides, debris flows) or coastal erosion can pose serious threats
to human settlements and infrastructure while topsoil erosion and nutrient supply through
sediment redistribution influence agricultural efficiency. Decrypting the functionality and
efficacy of sediment transport processes is therefore imperative to better understand the
system Earth in general and the opportunities and threats surface evolution poses to our
communities.
1
Chapter 1. Rationale 2
A great range of methods from direct monitoring to various radioactive decay series is
applied to assess surface evolution processes and rates on a large range of time and spa-
tial scales (Romans et al., 2016). However, to date the application of CNs 10Be and 26Al
remains the only method capable of determining rates of landscape evolution by quanti-
fying sediment redistribution throughout the Quaternary. The method has widely been
applied to determine bedrock and catchment-wide denudation rates in various landscapes
and is capable of linking source-area and sedimentary-sink information. Yet, its global
application distribution reveals an astounding imbalance (Portenga and Bierman, 2011,
Willenbring et al., 2013).
An immense body of work exists on 10Be-determined processes and rates of landscape
evolution in Earth’s steep terrain. However, 92% of Earth’s surface are non-mountainous,
low-slope regions, which are thought to account for >50% of global sediment flux (Fig. 1.1)
(Willenbring et al., 2014). If correct, this estimate has strong bearing on the lively debate
over the significance of low-slope landscapes for global sediment flux and the carbon cycle
(Kirchner and Ferrier, 2013, Warrick et al., 2014). Nonetheless, such estimates should be
viewed with caution, as data from low-relief and flat regions are notably lacking: only
∼1% of the available 10Be-based denudation rates derive from these landscapes (Fig. 1.1)
(Portenga and Bierman, 2011, Willenbring et al., 2013). In other words, virtually no
information exists on denudation rates for more than half of Earth’s land surface—the
regions in which the majority of humans live and grow food. It is vital to gain a quant-
itative understanding of long-term (pre-agriculture) denudation rates in low-relief and
flat regions if we are to understand the human-induced acceleration of denudation that
potentially threatens our soil resource security (Montgomery, 2007).
1.1.3 The sediment conveyor belt—connecting source to sink
The sediment conveyor belt typically moves material from topographically high erosional
source areas through a transfer zone down towards ultimate depositional sinks (Fig. 1.2)
(Schumm, 1977, Castelltort and Van Den Driessche, 2003, Allen, 2008, Romans et al.,
2016). Source areas are predominantly sediment-producing and characterised by net mass
loss. The eroded material then travels through the transfer zone where sediment input and
output are in equilibrium on timescales dependent on the response time of a system (Paola
et al., 1992, Beaumont et al., 2000). Net mass gain in the form of deposition eventually
occurs in ultimate sinks like deltas or the deep sea (Schumm, 1977). While these three
zones represent the overall dominant process – erosion, transfer, and deposition – the
remaining processes can be inferior in any zone.
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Figure 1.1: Global distribution of published 10Be-based denudation rate measurements
with respect to average slope gradient, modified after Willenbring et al. (2014). Slopes are
derived from Global Multi-resolution Terrain Elevation Data (∼250 m grid) and smoothed
using windows representative of the catchment size distribution from Willenbring et al.
(2013). Green dots denote sampling locations. The scale bar in the legend reports the
cumulative distributions of land area and denudational mass flux.
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Figure 1.2: 2-dimensional schematic of a typical sediment conveyor belt with the char-
acteristic erosion, transfer, and depositional zones, modified after Romans et al. (2016).
Forcing factors on erosion are labelled in green. Sediment transfer and sediment deposits
(yellow fill) are labelled in blue and red, respectively.
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The efficacy of the sediment conveyor belt is overall controlled by tectonic and climatic
forcing (Fig. 1.2), governing topographic relief and providing or withholding agents needed
for material transport initiation and transfer (Bishop, 2007). While the direction of mass
transfer is predominantly controlled by gravity, transport initiation can occur at both
ends of the conveyor system. For example, source-area material detached from bedrock
by weathering processes can be picked up by water and ’pushed’ down the system. Con-
versely, processes like sea level fall or rapid tectonic uplift can create step-like relief at the
base of the system, initiating local incision and sediment transport, which progressively
extends up the system (Gardner, 1983, Hayakawa and Matsukura, 2003, Bishop et al.,
2005, Crosby and Whipple, 2006).
Tectonic and climatic forcing factors operate on a large range of time and spatial scales
(Fig. 1.3) (Romans et al., 2016). Processes like earthquakes, storms, and floods occur
on sub-annual timescales and in confined regions, and decadal processes like El Niño-
Southern Oscillation (ENSO) affect the sediment conveyor on large parts of the globe
(Romans et al., 2016). Conversely, Milankovitch cycles are examples for global processes
operating on 104 to 105 year timescales (Peizhen et al., 2001, Van der Zwan, 2002, Romans
et al., 2016) and sustained orogeny drives the conveyor belt on geological timescales (≥105
years) (DeCelles et al., 2009, Burbank and Anderson, 2011, Allen et al., 2013).
yr k.y. m.y. G.y.weeks/
months
hmin
Floods, storms, etc.
Earthquakes
ENSO Milankovitch
eccentricity
obliquity
precession
Orogenic cycles
10-5 10-2 10910810710610510410310210110010-110-310-4
Forcing
factors
Figure 1.3: Erosion forcing factors and the timescales they are operating on, from
minutes to G.y., modified after Romans et al. (2016).
Examples for fast and efficient conveyor systems can be found in active mountain ranges
(Hovius et al., 1997, Dadson et al., 2003, Kuehl et al., 2005). Here, often high rates of pre-
cipitation and earthquake occurrence cause mass sediment supply to the routing system
from adjacent steep hillslopes (Fig. 1.4A,B) (Burbank et al., 1996, Hovius et al., 1997,
Dadson et al., 2003, 2004). High transport capacities in these landscapes, due to the sup-
ply of large amounts of water and steep channel gradients, allow for very efficient export
of the eroded material (Fig. 1.4A,B) and fast transfer of large fractions to the deposition
zone (Kuehl et al., 2005, Romans et al., 2016). On the other end of the spectrum, tec-
tonically passive and/or low-relief regions are rarely characterised by rapid mass-wasting
processes, especially not where precipitation rates are low. Slow gravitational processes
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like soil creep supply material to the routing network and low transport capacities in
these low-gradient regions allow for transient in-channel storage (Fig. 1.4C,D) (e.g. Nan-
son et al., 2002). Timescales of sediment transfer appear to be much longer than in their
active counterparts.
A B
DC
Figure 1.4: Examples of the efficacy of sediment supply to streams and sediment
transport by rivers in steep and low-gradient landscapes, respectively. A) Tangjian-
shan landslide dam breach after the Mw 7.9 2008 Wenchuan earthquake in Sichuan,
China. The breach occurred only one month after the earthquake-triggered land-
slide dammed the river (Image source: http://xinhuanet.com). B) Sunkosi land-
slide and dam breach in Nepal (image courtesy to Tuk Lal Adhikari; available on
http://blogs.agu.org/landslideblog). C) In-channel sediment storage in the ephemeral
Finke river traversing low-gradient and arid landscapes (southern Northern Territory,
Australia), bordered to the east by extensive dunefields of the Simpson Desert (left side).
D) Sediment-laden Evelyn Creek near Coober Pedy, South Australia.
The rates of sediment transport and the timing and durations of pulses of increased sed-
iment supply can be determined using a wide range of methods largely depending on the
process timescales (Romans et al., 2016). Comparatively fast current and historic pro-
cesses (up to 102 years) from each section of the conveyor belt can be directly monitored
in the field or have been described previously. For longer timescales, more complex ap-
proaches depend on dating rock surfaces or sediments from depositional landforms with
analytical methods such as 210Pb or 14C dating, thermochronometry analyses or CN ana-
lyses (Romans et al., 2016). As will be shown in the following section CNs can be used
to determine exposure ages, exhumation rates, sediment deposition ages, and denudation
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rates on timescales extending beyond historical accounts and as far as 106 years. On these
timescales transport and erosion processes and rates of the source area are often inferred
from investigating sediment sequences in the depositional zone (Allen, 2008).
1.1.4 Cosmogenic nuclides—unravelling the sediment conveyor belt
This thesis is to a large extent based on the analysis of cosmogenic nuclides. The method
was first applied in geoscience studies in the mid-1980s (Craig and Poreda, 1986, Klein
et al., 1986, Kurz, 1986a,b, Nishiizumi et al., 1986, Phillips et al., 1986, Marti and Craig,
1987). Since then the methodology has been significantly refined and the range of geo-
morphic applications has immensely expanded (see reviews by Bierman, 1994, Bierman
and Nichols, 2004, Cockburn and Summerfield, 2004, Dunai, 2010, Granger et al., 2013,
and von Blanckenburg and Willenbring, 2014). Using CNs also allowed to close the gap
of determining ages of a variety of landforms and rates of landscape evolution on 103–106
year timescales. Detailed reviews on CN production and geomorphic applications have
been provided by Bierman (1994), Gosse and Phillips (2001), Niedermann (2002), Bierman
and Nichols (2004), Cockburn and Summerfield (2004), von Blanckenburg (2005), Dunai
(2010), Benedetti and Van Der Woerd (2014), Dixon and Riebe (2014), Dunai and Lifton
(2014), Granger and Schaller (2014), and Ivy-Ochs and Briner (2014). In the following
sections, I provide a brief overview on CN theory and methodology and give examples for
their geomorphic applications, specifically targeting the sediment conveyor belt.
1.1.4.1 CN methodology
CNs are produced in situ wherever rocks or sediments are exposed to cosmic radiation.
Impacts of predominantly secondary cosmic-ray particles like neutrons (spallation) and
muons on mineral nuclei (Fig. 1.5) convert target elements such as Si and O to CNs (and
by-products) including 3He, 10Be, 14C, 21Ne, 26Al, and 36Cl, with the most frequently
used nuclide being 10Be (Gosse and Phillips, 2001, Dunai, 2010). In-situ production
rates are commonly well below one hundred atoms per gram of mineral per year and
vary widely depending on the nuclide that is produced and the mineral it is produced
in (Gosse and Phillips, 2001). Due to its abundance, its well-defined production rates
for several nuclides, and its easy separability from other minerals, quartz is commonly
chosen for CN analyses. Nuclide production rates, however, further vary depending on the
location. They attenuate exponentially with depth, effectively limiting CN applications
to the upper few metres of the crust (Fig. 1.6) (Lal, 1991). In addition, production rates
decrease with decreasing geomagnetic latitude (from ∼60°) and increasing atmospheric
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pressure (Lal, 1991). Shielding by surrounding topography also contributes to diminished
production rates (Lal, 1991). The influence of all these factors on the production rate
can be accounted for by models quantifying latitudinal and altitudinal effects (Lal, 1991,
Dunai, 2000, Stone, 2000, Desilets and Zreda, 2003, Lifton et al., 2005, Desilets et al.,
2006) and topographic shielding effects (Dunne et al., 1999, Codilean, 2006), respectively.
Figure 1.5: Atmospheric cosmic-ray cascade and interaction of some secondary cosmic
rays with mineral nuclei within rocks and sediment, forming cosmogenic nuclides (from
Gosse and Phillips, 2001). e+ – positron, e– – electron, K – kaon, n – neutron, nth –
thermal neutron, p – proton, α – alpha particle, γ – gamma ray, µ – muon, ν – neutrino,
π – pion.
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Figure 1.6: 10Be production rates by neutron (spallation; continuous black line) and
muon impact (dashed lines), and combined production rate (grey line) in subsurface rock
(ρ = 2.7 g cm–3) at sea-level high-latitude. Rates were calculated using depth dependency
and surface production rates from Heisinger et al. (2002a,b) (from Dunai, 2010).
1.1.4.2 Current application of CNs along the sediment conveyor belt
Several robust and tested cosmogenic nuclide applications have been utilised to address
a wide variety of geomorphic questions (Dunai, 2010). This section presents a number
of these applications specific to the sediment conveyor belt and briefly discusses their
advantages and limitations.
One of the earliest and most common CN applications is the determination of bedrock
erosion rates. Since disintegration of bedrock marks the starting point of any sediment
transfer, determining the rate of this disintegration is crucial for further investigations
along the transfer system. Bedrock erosion rate calculations assume steady-state con-
ditions, with constant CN concentrations at the rock surface after prolonged exposure
(Dunai, 2010). They are therefore unable to capture temporal variations in erosion rates
and additionally only provide point-specific results. However, combining measurements
from several locations can provide insights into the average lowering of a landscape.
Estimating basin-wide denudation rates utilises exactly this idea of averaging erosion rates
for an entire drainage basin. In this approach, denudation rates are determined from CN
concentrations within stream sediment (Brown et al., 1995, Bierman and Steig, 1996,
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Granger et al., 1996). The assumption made here is that the sample is a representative
amalgamation of grains from the entire catchment, which adequately mirrors the average
denudation rate. It is further assumed that the timescale of sediment storage within the
catchment is negligible compared to the timescale of erosion to prevent alteration of the
CN signal during transit from the grain’s bedrock source to the outlet (Brown et al., 1995,
Bierman and Steig, 1996, Granger et al., 1996).
There are several possibilities how sediment could be hindered from fast transfer through
the system. One of them is being trapped during the early stages of the sediment conveyor
– as hillslope soils – for extended durations, before even entering the sediment routing
system. Several studies have used CNs to investigate the production mechanisms of
these soils from disintegration of underlying bedrock and their subsequent dynamics (e.g.
Heimsath et al., 1997, Braucher et al., 2000, Heimsath et al., 2005, 2012, Anderson, 2015).
These studies provide an understanding about the mixing of grains with different CN
inheritance and their transport rates as they travel downslope. In combination with CN
measurements in bedrock they can inform about the soil’s representativeness as it enters
the streams with regards to bedrock erosion rates.
Other geomorphic features that store sediment along the conveyor belt are, for example,
alluvial fans and fluvial terraces. CN analyses can reveal the duration these deposits have
been immobile for by determining their deposition age (Gosse and Phillips, 2001). Dat-
ing of these landforms assumes fast deposition in comparison to the exposure duration,
continuous CN accumulation over time, and stable, non-eroding conditions since the time
of deposition. Since the sediment likely carries an inherited CN concentration from pre-
vious exposure, no direct relationship between the CN inventory at the surface and the
exposure duration can be drawn. The inheritance therefore needs to be accounted for by
sampling a depth profile, which provides an approximation of the CN concentration in
shielded sediment at depth (Anderson et al., 1996, Hidy et al., 2010). These deposits are
temporarily not part of the conveyor system, but provide potential for later reworking.
The age of a depositional landform can also be determined by dating the timing of aban-
donment of a sediment in conjunction with shielding from cosmic radiation. This method
utilises the differential decay rates of a pair of CNs (e.g. 26Al–10Be, 10Be–14C). In its con-
ventional form this dating method determines the duration for which the targeted material
was completely isolated (buried) from cosmic radiation (>30 m overburden; Granger and
Muzikar, 2001) after initial exposure (Fig. 1.7). If the isolation persisted for a long-enough
duration (>105 years for 26Al–10Be, Granger and Muzikar, 2001), the post-exposure burial
duration can be directly determined.
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Figure 1.7: Post-exposure burial dating diagram showing the 26Al/10Be ratio and
10Be concentration in a sample (modified after Granger and Muzikar, 2001). Samples
without burial history would plot between the steady erosion line (top black line) and the
constant exposure line (top grey line). Buried samples, which are completely shielded
from cosmic radiation for a long duration (105 years), would plot under the steady
erosion and constant exposure line following pathways parallel to the arrows due to
continuous radioactive decay. Remaining black and grey lines indicate burial of 1 to 4
Ma. Dashed lines denote steady erosion rates.
Since the early 2000’s, several studies have also used the 26Al–10Be nuclide pair to determ-
ine whether modern stream sediments have been affected by episodes of shallow and/or
deep burial (Table 1.1). Similarly to the burial dating described above, the different decay
rates are used to identify a deviation from steady erosion conditions (Fig. 1.7). However,
since multiple episodes of burial and re-exposure of sediment might be involved and also
incomplete shielding during shallow burial episodes, the calculated age cannot be treated
as an absolute age. It can rather be used as a cumulative minimum burial age indicating
minimum transfer time (Dunai, 2010), or as a general indicator for the the occurrence
of >105-year burial episodes within the catchment. Reviewing the studies presented in
Table 1.1 revealed that such long-term burial signals are common in stream sediments of
tectonically quiescent regions (Bierman and Caffee, 2001, Matmon et al., 2003a, Bierman
et al., 2005, Heimsath et al., 2009, Vermeesch et al., 2010, Davis et al., 2012, Hidy et al.,
2014). They are most likely to derive from reworking of sediment storages occurring along
the streams or from external input (e.g. aeolian sand).
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1.2 Study area
This chapter describes the lithological, tectonical, climatical, and geomorphic properties
of the studied catchments (Section 1.2.1) and provides justification for selecting the west-
ern Eyre Basin to investigate sediment transport dynamics from source to sink using
cosmogenic 10Be and 26Al (Section 1.2.2).
1.2.1 The western Eyre Basin
With ∼1.14 million km2 the endorheic Eyre Basin is Australia’s largest drainage basin,
covering almost 15% of the continent. Its three major western tributaries – the Finke,
Macumba, and Neales rivers – drain more than 10% of the Eyre Basin (Fig. 1.8), with their
catchments occupying the very center of Australia. A detailed review of environmental
characteristics of the Eyre Basin has been provided by Habeck-Fardy and Nanson (2014).
This section focuses on catchments of the basin’s western tributaries.
Sediment in the studied catchments is predominantly produced from low Palaeozoic and
Proterozoic siltstone-sandstone ridges (Fig. 1.9) of the Western MacDonnell Ranges in
the north, along with other Proterozoic sedimentary rocks occurring in small ranges in
the west and southeast (e.g. Peake and Denison Ranges, Musgrave Ranges) and wide-
spread Cenozoic silcrete-duricrust tablelands (Fig. 1.9). These cryptocrystalline duricrusts
formed primarily during the Palaeogene by silicification of sediment in groundwater or
soil (Wopfner, 1978, Thiry and Milnes, 1991, Benbow et al., 1995, McNally and Wilson,
1995, Alley et al., 1996, Simon-Coinon et al., 1996). Their high weathering resistivity
presumably led to relief inversion and the development of the tablelands (Pain and Ollier,
1995). The elevated areas nowadays serve as the major sources of runoff in the region.
Many of the generally low-gradient hillslopes adjoining the ranges and tablelands (Fig. 1.10)
are draped with gibber deposits of Tertiary to Quaternary age (Fujioka et al., 2005, Fisher
et al., 2014), as are regions where silcrete duricrusts disintegrated in situ (Fig. 1.9). These
gibbers are the Australian equivalent of desert pavements or stony desert mantles, a
closely-packed monolayer of desert-varnished stones overlying usually quartz-rich, gravel-
poor silty material of allochtonous aeolian and occasionally alluvial origins (Mabbutt,
1977, McFadden et al., 1987, Mabbutt, 1988, Reheis et al., 1995). They cover ∼10 % of
the continent (Fujioka et al., 2005) and ∼15 % of the Eyre Basin (Bullard et al., 2008).
Besides gibbers, dunes are an abundant feature in the catchments (Fig. 1.9), commonly
assembled in large dunefields, with the Simpson Desert – fringing the Finke catchment
to the east – being the most prominent one. These dunefields predominantly occur in
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Figure 1.8: Map showing the western Eyre Basin with the basin outline in bold black.
Investigated catchments of three main western tributaries (Finke, Macumba, Neales)
are outlined in red. Main streams and Lake Eyre are denoted in blue. Black dots are
settlements and Uluru. Roads and tracks are grey and the railway line is the subdivided
black line. State borders are dashed lines. Inset shows Australia with the Eyre Basin in
grey and the study area as red box.
downstream sections (Fig. 1.9). Streams are commonly anabranching once they exit the
ranges and tableland-dominated regions. They traverse the sediment-covered landscapes
for hundreds of kilometres and their shallow sediment-laden floodplains can reach up to
several kilometres width in their most downstream sections (Fig 1.9).
Climate in the Eyre Basin has shifted from wetter conditions in the Cenozoic with tropical
to temperate rainforests (White, 1994) or subhumid woodlands (Metzger and Retallack,
2010) towards the current, predominantly arid conditions. A major shift towards arid-
ity and the accompanying change in vegetation towards open woodlands and shrublands
occurred in the Mid-Miocene (Martin, 2006). During the Pliocene to Early Quaternary
(4–2 Ma) stony deserts started to form (Fujioka et al., 2005) under an even drier climate,
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Figure 1.9: Surface lithology within the Finke, Macumba, and Neales catchments based
on a digital 1:1 million surface geology map of Australia (Raymond et al., 2012). Bedrock
other than silcrete is shown in red. Silcrete is light yellow. Colluvium is orange. Gibbers
are grey. Dunes are light green. Sand plains are dark green. Alluvium is blue.
before ∼1 Ma dune development initiated (Fujioka et al., 2009). Despite being compar-
atively arid throughout the Quaternary, the Eyre Basin was subject to alternating wetter
and drier episodes (Nanson et al., 1992, 2008), possibly influenced by global glacial cycles
(Nanson et al., 1992, Croke et al., 1996, Hesse et al., 2004, Magee et al., 2004, Nanson
et al., 2008, Webb, 2008, 2009, Reeves et al., 2013). The wet phases were generally accom-
panied by fillings of Lake Eyre expanding much further than at full conditions nowadays
(DeVogel et al., 2004). Throughout this period rivers in the Eyre Basin must have been
frequently active. However, fluvial activity appears to have declined since at least marine
isotope stage (MIS) 3 together with inferred maximum lake levels (Nanson et al., 1992,
Croke et al., 1996, Magee et al., 2004, Maroulis et al., 2007, Nanson et al., 2008, Cohen
et al., 2011, 2012, 2015), indicating another shift towards more arid conditions.
Present-day climate in the studied catchments is warm and arid with mean temperatures of
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Figure 1.10: Slope distribution within the Finke, Macumba, and Neales catchments de-
rived from 1 arc-sec Shuttle Radar Topography Mission (SRTM) digital elevation model.
Low-slope areas are white and grey. Steeper slopes are shown in orange and brown.
∼20 °C and annual mean rainfall of <280 mm (Fig. 1.11) (Kotwicki, 1986, McMahon et al.,
2008, Australian Bureau of Meteorology: http://www.bom.gov.au/climate/). However,
there are large interannual variations in both rainfall and temperature (Kotwicki, 1986,
Costelloe, 2011, Australian Bureau of Meteorology: http://www.bom.gov.au/climate/).
Furthermore, rainfall decreases from north to south (Fig. 1.11), concordant with the
transition from summer to winter rainfall dominance (Australian Bureau of Meteorology:
http://www.bom.gov.au/climate/).
1.2.2 Justification for selecting the western Eyre Basin
Slow transfer rates and long storage durations are required to identify changes in CN
inventories even over short distances (e.g. on hillslopes) to ensure that surface material
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Figure 1.11: Mean annual precipitation within the Finke, Macumba, and Neales catch-
ments based on 5 km gridded precipitation data from 1911–2000 (Australian Bureau of
Meteorology: http://www.bom.gov.au/climate/).
can accumulate enough additional nuclides to be statistically distinguishable from CN in-
ventories occurring in source material. The transfer and storage timescales for developing
a significant difference depend on the initial nuclide concentration of the source material.
In case of the studied catchments, 10Be concentrations of commonly >106 atoms g–1 in
source-area bedrock and colluvium of the western Eyre Basin catchments have generally
been acquired over >105 years (Heimsath et al., 2010) or even >106 years (Fujioka et al.,
2005). Therefore, it requires at least sub-million year additional exposure or burial within
the conveyor system for statistically distinguishable CN inventories to develop.
The Finke, Macumba, and Neales catchments were selected for investigation due to their
potential to develop on the aforementioned timescales as demonstrated by the following
catchment properties, and due to logistical considerations:
(1) Tectonic quiescence promotes slow landscape evolution expressed in low erosion
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rates of bedrock (<5–10 m/m.y.; Fujioka, 2007, Heimsath et al., 2010) and on the
catchment scale (5-20 m/m.y.; Heimsath et al., 2010).
(2) Low slope gradients within the catchments (Fig. 1.10) oppose easy sediment export
and are therefore in favour of potentially long-term (>105 years) sediment storage.
(3) Large catchments (>25,000 km2) and long streams (several hundred kms) (Fig. 1.8)
may allow for sediment to stay in transfer from source to sink on sub-million year
timescales.
(4) Aridity (Fig. 1.11) withholds water as a transport agent for extended periods of time,
allowing for sediment to be stored in various landforms (Fig. 1.9) potentially for very
long durations (>105 years).
(5) Reasonable accessibility, with several paved and unpaved roads traversing the
catchments (Fig. 1.8) and the advantage of sampling on sparsely vegetated slopes and
within dry channels.
1.3 Thesis outline
This thesis investigates sediment transport processes and quantifies their rates in post-
orogenic and arid central Australia from bedrock sources along hillslopes and further
along the drainage network using paired cosmogenic isotopes 26Al and 10Be. It aims to
link the sediment transport dynamics of this succession of geomorphic domains in what is
believed to be a very slowly evolving landscape. Chapter one sets up the thesis aims and
significance, puts the thesis in context to previous studies on sediment routing systems,
and describes how CNs can be used to investigate these systems. Chapters two and three
look at the CN source-area signal and its evolution along three regionally representative
slopes and downstream within three major catchments in the western Eyre Basin in central
Australia. Due to the relatively large data set (59 10Be and 58 26Al measurements) and
the complexity of the story, investigations were decided to be discussed in two separate
studies—transport on hillslopes and in streams, respectively. Both of these studies were
submitted to peer-reviewed international journals. One is currently in press (Chapter 2
– Geological Society of America Bulletin) and the other is in review (Chapter 3 – Earth
and Planetary Science Letters). Major findings of the thesis are synthesised in chapter
four.
Chapter two thoroughly investigates the evolution of the CN signal on three regionally rep-
resentative, differently shaped desert hillslopes—convex, linear, and concave. CN abund-
ances were measured in exposed bedrock, surface colluvium pebbles, and at depth along
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downslope transects. Together with mineral and grain characteristics analyses, CNs al-
low insights into regolith provenance, soil production, and colluvium transport processes.
The results show that hillslope morphology is governed by lithological factors and dif-
fering nuclide abundances reflect the main sediment transport processes. Slope-wash is
widespread and shrink-swell soil processes drive downslope creep and upward-migration
of gravels detached from underlying bedrock. Monte Carlo-based inversion modelling was
conducted to reconstruct soil production and the exhumation histories of stony mantle
gravels. Underlying silty soils derive from aeolian dust inputs dating to at least 0.2 Ma
and possibly more than 1 Ma in line with intensified aridity in this landscape. Exposed
bedrock erodes at ∼0.2–7 m/m.y. and under soil at maximum rates of less than 0.1
m/m.y. and up to 10 m/m.y. Accordingly, particles spend 2–6 m.y. or more in the upper
0.6 m of the bedrock column and an additional ∼0.2–2 m.y. or more within hillslope
soils. Such long periods near the surface result in surface particles acquiring inherently
low 26Al/10Be ratios. Bedrock erodibility underpins regional variations in erosion rate and
the slow tempo of hillslope evolution is largely independent of base level. This suggests a
distinctive top-down evolution among post-orogenic hillslopes set by authigenic rates of
sediment production, rather than by fluvial incision as in tectonically active settings.
Chapter three focuses on the continued evolution of the CN signal along streams within
three major catchments (>100,000 km2) of the western Eyre Basin—the Finke, Macumba,
and Neales. Investigating the along-stream signal propagation ensures the detection of
potential disturbances along the conveyor systems, which could not be identified by simple
deduction of source-area information from sedimentary sinks (Allen, 2008). The chosen
approach can also provide insights into external and internal processes and sediment
dynamics that may significantly modify the source-area signal. Especially in the invest-
igated extensive transfer zones, transient or even permanent storage may serve as an
effective buffer for signal propagation (Castelltort and Van Den Driessche, 2003, Allen,
2008, Wittmann et al., 2011, Covault et al., 2013), which is likely corrupting the source
information before the sediment reaches its final sink.
The study presented in chapter three strongly builds upon the findings within the bedrock-
hillslope domain. Besides 28 paired-nuclide measurements on stream sediment, additional
measurements on bedrock samples, previously published samples, and samples presented
in chapter two paint a clear picture on the hillslope-channel connectedness and the modi-
fication of the source-area signal along the streams. 10Be–26Al inventories in source-area
hillslope bedrock and soils set the benchmark for relative downstream modifications. Li-
thology is the primary determinant of erosion-rate variations in source areas and despite
sediment mixing over hundreds of kilometres downstream a distinct lithological signal
is retained. Post-orogenic ranges yield catchment erosion rates of ∼6–11 m/m.y. and
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silcrete-dominant areas erode as slow as ∼0.2 m/m.y. 10Be–26Al inventories in stream-
sediments reveal overall downstream-increasing minimum cumulative burial terms up to
∼1.1 m.y. but more generally ∼400–800 k.y. The magnitude of the burial signal correlates
with increasing sediment cover downstream and reflects assimilation from storages with
long exposure histories, such as alluvial fans, desert pavements, alluvial plains, and aeolian
dunes. Comparing the findings with previous studies in different landscapes suggests that
the tendency for large alluvial rivers to mask their 10Be–26Al source-area signal differs
according to geomorphic setting. Signal preservation is favoured by i) high sediment sup-
ply rates, ii) high mean runoff, and iii) a thick sedimentary basin pile. Conversely, signal
masking prevails in landscapes of i) low sediment supply, ii) discontinuous sediment flux,
and iii) juxtaposition of sediment storages with notably different exposure histories.
Chapter four summarises our findings on soil production, sediment transport initiation
and routing in an arid, post-orogenic landscape such as central Australia. The chapter
points out the importance to understand the effects sediment storage and admixing from
external sources can have on the sediment conveyor system as a whole. It also discusses
the limitations CN analyses encounter in slowly evolving sediment-storage dominated
landscapes and depicts how these can be addressed. Finally, recommendations are made
for future use of CNs in exploring the different sections of sediment conveyor systems in
post-orogenic landscapes, based on the results of this thesis.
Chapter 2
Tracking 10Be–26Al signals along
the central Australian sediment
conveyor – Soil production and
transport initiation
2.1 Introduction
As landscapes evolve they produce volumes of material that enter a cascading system of
storage and transfer before final deposition and sequestration into the geological record.
Hillslopes stand at the top of this geomorphic conveyor belt that delivers mineral and
organic material into river systems and then on to base-level sinks. The speed of the
conveyor is ultimately set by the local base-level dynamics due to large-scale tectonism, but
lithology, climate, and biota also exert varying degrees of influence across Earth’s surface
(Milliman and Syvitski, 1992, Schumm, 1993, Ludwig et al., 2005). The development of
soil mantles (mobile regolith) on hillslopes reflects the long-term balance between rates
of soil production and transport or erosion (Carson and Kirkby, 1972, Heimsath et al.,
1997). A lag in soil production relative to downslope transport will thin the soil and
ultimately expose bedrock unless thinning is offset by accelerated weathering (Carson and
Kirkby, 1972, Anderson and Humphrey, 1989, Heimsath et al., 2009) or other soil-building
mechanisms, such as aeolian accession (Wells et al., 1985). This regulating feedback
between soil production rate and soil thickness is thought to be a key control on the
tempo of hillslope evolution even in sites prone to episodic landsliding (Heimsath et al.,
2012).
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The sediment transport processes that shape soil-mantled hillslopes leave their signature
in hillslope morphology (Kirkby, 1971). Diffusive processes of rainsplash and soil creep
produce the smooth crests and convex slopes that are a strong focus of study (Roering
et al., 1999, Heimsath et al., 2002, 2005), whereas farther downslope the prevalence of slope
wash and gullying imparts concavity to the lower slope profile (Kirkby, 1971). While the
functional relationships between hillslope morphology and transport processes are gene-
rally agreed upon (Carson and Kirkby, 1972, Selby, 1982, Roering et al., 2007), quantifying
sediment transport rates remains a challenge (Dietrich and Dunne, 1978, Dietrich et al.,
2003). Even decadal-scale monitoring might not yield a reliable characterisation of long-
term evolution because rapid mass-wasting events tend to be rare and diffusive processes
are slow and difficult to detect (Dunne, 1991, Kirchner et al., 2001).
Our understanding of hillslope soil dynamics has expanded dramatically with the applica-
tion of terrestrial cosmogenic nuclides (CNs) (McKean et al., 1993, Heimsath et al., 1997),
which are produced by secondary cosmic rays interacting with minerals in the upper few
metres of Earth’s surface (Gosse and Phillips, 2001). Because the rate of CN production
increases exponentially towards the surface, CNs accumulate in the rock column at an
accelerating pace as mass is advected upwards via surface erosion. Particles detached
from bedrock are then transported away by surface processes while continuing to accu-
mulate CNs or, if detached at the base of a soil, particles may rise to the surface while
accumulating CNs at an accelerating rate. The dynamics and history of particle exhuma-
tion to the surface can be quantified by analyzing a CN pair with differing production
and radioactive decay rates, as the ratio of the two nuclides deviates during exhumation
under certain conditions (Granger and Muzikar, 2001). Variations in the abundance of
CNs, such as 10Be, 26Al, and 21Ne, measured on summits, hillslopes and valley floors, can
be used to build models that describe the trajectories of particles moving through the
landscape over 103-106 year timescales (Heimsath et al., 2005, Anderson, 2015). Such an
approach is especially powerful in slowly-eroding post-orogenic landscapes in which the
timescales of hillslope development are long due to the growth of transport-limited soil
mantles or where aridity has reduced the frequency of geomorphically-effective transport
events (Bishop, 2007, Jungers et al., 2009).
Given that river channels transmit local base-level information and set the lower boundary
condition for the evolution of hillslopes, it follows that the base-level stability that often
characterises post-orogenic settings is likely to drive distinctly different hillslope behavior.
It has been shown that actively incising rivers govern the pace of hillslope lowering via
landsliding in tectonically active settings (Schmidt and Montgomery, 1995, Burbank et al.,
1996, Montgomery and Brandon, 2002); however, the converse situation in which rates of
hillslope erosion exceed river incision has attracted far less quantitative study (Ahnert,
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1970, Pinet and Souriau, 1988, Summerfield and Hulton, 1994). Relative to tectonically
active regions, rates of hillslope denudation in post-orogenic terrain can be ∼1000-fold
slower and are sometimes barely resolvable at rates well below ∼10 m/m.y. (Fleming
et al., 1999, Bierman and Caffee, 2001, 2002, Belton et al., 2004, Matmon et al., 2009,
Heimsath et al., 2010, Matmon et al., 2013, Boroda et al., 2014). In the absence of base-
level lowering, hillslope relief declines over time and catchment-scale denudation rates
ought to reflect mean slope or local relief (Ahnert, 1970).
In this study, we use CNs to investigate the evolution and dynamics of three soil-mantled
hillslopes in arid central Australia where tectonic quiescence imparts long-term (106 years)
base-level stability. We identify a significant aeolian component in the hillslope materials
and apply Monte Carlo-based inversion modelling to quantify rates of soil production,
residence time, and sediment transport in sites representative of slowly evolving, post-
orogenic landscapes. We find that hillslope sediment transport is dominated by slope wash
and soil creep and bedrock and soil-mantled landscapes in central Australia are shaped
over 105 to 106 year timescales. We conclude our study by considering some implications
for applying cosmogenic nuclides to landscape evolution in post-orogenic regions subject
to long-term aridity and stable base level.
2.2 Stony soil mantles on desert hillslopes in central Aus-
tralia
In desert landscapes CNs have been widely applied to determine bedrock erosion and
catchment-wide denudation rates (Bierman and Caffee, 2001, 2002, Belton et al., 2004,
Nishiizumi et al., 2005, Kober et al., 2007, Codilean et al., 2008, 2010, Heimsath et al.,
2010, Matmon et al., 2013, Boroda et al., 2014) , as well as the ages and mechanisms of
desert landform formation (Wells et al., 1995, Fisher, 2003, Dunai et al., 2005, Fujioka
et al., 2005, Fujioka, 2007, Fujioka et al., 2009, Matmon et al., 2009, Jansen et al., 2013,
Fisher et al., 2014). Arid regions include some of the slowest eroding landscapes on
Earth, and a large amount of CN-data reveal that very slow erosion rates <10 m/m.y.
are commonplace (Fleming et al., 1999, Bierman and Caffee, 2001, 2002, Belton et al.,
2004, Dunai et al., 2005, Matmon et al., 2009, Heimsath et al., 2010, Matmon et al., 2013,
Boroda et al., 2014).
Central Australia features relatively low, post-orogenic ranges with hillslopes cut in strong
arenitic rocks and duricrusts, and sparsely vegetated, stony soil mantles displaying a mix
of transport-limited and weathering-limited conditions. Rates of tectonic deformation
are low and restricted to warping and low-amplitude folding due to far-field compressive
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stresses and upper mantle dynamics (Sandiford et al., 2004, Hillis et al., 2008, Sandiford
and Quigley, 2009). The overall tectonic quiescence, together with aridification since the
Miocene (McGowran et al., 2004, Martin, 2006, Fujioka and Chappell, 2010), is largely
responsible for the slow denudation. Previously published CN-derived catchment-scale
erosion rates are generally in the range of ∼5–20 m/m.y. across central Australia (Bierman
et al., 1998, Heimsath et al., 2010).
Stony desert mantles are composed of a closely-packed monolayer of desert-varnished
stones, known in Australia as gibber (a.k.a. desert pavement), overlying predominantly
gravel-poor, silty material that is often quartz-rich and with allochthonous, usually aeolian
origins (McFadden et al., 1987, Mabbutt, 1988, Reheis et al., 1995) but occasionally al-
luvial (Mabbutt, 1977). Gibber covers ∼10% of the Australian continent (Fujioka et al.,
2005) and >50% of global deserts (Laity, 2009); its formation is attributed to continu-
ous accretion of allochthonous aeolian material that is incorporated beneath a surface
monolayer or via lateral gravel transport (Wells et al., 1985, McFadden et al., 1987, Wells
et al., 1995, Dietze and Kleber, 2012). Desert gilgai is a related but distinct variety of
micro-relief comprising decimetre-scale surface undulations and particle-sorting caused by
shrink-swell responses of clay-rich soils when subjected to alternating wetting and drying
(Hallsworth et al., 1955, Twidale, 1972, Dunkerley and Brown, 1995, 1999, Cooke et al.,
2006, Dunkerley, 2013). The magnitude of soil-dilation is a function of the amount of
2:1 lattice clays, such as montmorillonite (Hallsworth et al., 1955, Cooke et al., 2006),
although solution and recrystallisation of salts probably also contribute to the process
(Cooke et al., 2006). Soil mixing is promoted by the extensive subsurface vertical cracks
that open up during desiccation and accommodate surface particles down-profile; once
wetted, the additional material within the cracks causes enhanced subsoil pressure that
essentially pushes interjacent stones upward. Influenced by the overlapping association
with gilgai micro-relief (Ollier, 1966), early explanations of stony mantles invoke upward
migration of stones via shrink-swell processes (Hallsworth et al., 1955, Springer, 1958,
Jessup, 1960, Cooke, 1970, Mabbutt, 1977). Stony desert gilgai typically display a fine-
grained central depression rimmed by slightly raised stones. On flat ground gilgai tend to
be circular, but on gentle slopes they elongate downslope (Cooke et al., 2006), implying
some contribution to soil creep: that is, the slow downslope transport of soil under the
influence of gravity.
The spread of stony desert in central Australia is thought to reflect intensified continental
aridity from 2–4 m.y. (Fujioka et al., 2005). Based on measurements of CN abundances,
individual gibber particles have apparently occupied the surface (or near-surface) of some
desert hillslopes for extremely lengthy intervals, though the presence of lobate and ban-
ded micro-relief implies active sediment transport (Hallsworth et al., 1955, Dunkerley and
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Brown, 1995, 1999). Here, at the top of the geomorphic conveyor belt, rates of sediment
transport remain unknown, yet such information is pivotal to the relationship between
apparently very stable stony hillslope mantles and erosion rates derived from fluvial sed-
iment, which integrates large spatial scales.
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Figure 2.1: A) Field site locations of the three hillslopes: Mt Margaret (red diamond),
Coongra (yellow diamond), and Pioneer (blue diamond). Also shown are the Eyre Basin
boundary (bold black line), rivers (blue lines), major towns (black dots), and state borders
(dashed black lines). Panels B, C, D show 10 m contour maps of the three hillslope
transects based on 1 arc-sec Shuttle Radar Topography Mission (SRTM) digital elevation
data, with 10Be and 26Al sampling locations at B) Mt Margaret, C) Coongra (grey circles
show sites from Fujioka et al., 2005), and D) Pioneer.
2.3 Study area
Section 1.2.1 provides a general overview on environmental characteristics in the western
Eyre Basin. This section describes in detail the landforms associated with the three desert
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hillslopes that were selected for investigation in this study (Fig. 2.1).
Characteristic of arid post-orogenic landscapes, structural controls determine the distinct-
ive hillslope morphologies across the region (Mabbutt, 1977). Strong, steeply-dipping
rocks in the Peake and Denison Ranges (Fig. 2.1A,B) promote convex (often parabolic)
upper hillslopes; the Oodnadatta Tablelands to the west are characterised by silcrete-
duricrust cap rock and long rectilinear hillslopes; and interbedded strong and weakly-
resistant rocks of the Western MacDonnell Ranges produce cuesta ridges with concave
lower slopes. We sought to capture the processes operating on each of these regionally
representative hillslope types, and previous work provided some context regarding soil
production and erosion (Wopfner, 1968, Twidale, 1994, Fujioka et al., 2005, Heimsath
et al., 2010). The selected hillslopes have distinctly different ’main slope’ morphologies
(i.e., the segment between the upslope convexity and downslope concavity, sensu Carson
and Kirkby, 1972) each hillslope having one dominant segment (Figs. 2.1B-D and 2.2), as
follows: 1) convex at Mt Margaret (Peake and Denison Ranges); 2) rectilinear at Coongra
(Oodnadatta Tablelands); and 3) concave at Pioneer (Western MacDonnell Ranges). At
the toe of each hillslope is an ephemeral stream with its ultimate base level at Lake Eyre,
∼15 m below sea level (Fig. 2.1). Insofar as we can determine, local base level for these
hillslopes has been stable for 105–106 years and bedrock mass wasting has been minimal.
The three hillslope sites share a warm, arid climate with mean annual temperature
∼ 20 ◦C and precipitation 170–260 mm/yr (Australian Bureau of Meteorology; http:
//www.bom.gov.au/climate/). Vegetation is generally sparse: chenopod shrublands and
tussock grasslands predominate in the south, while mixed open woodland and spinifex are
common in the north, reflecting the south-to-north transition from winter to summer rain-
fall dominance (Australian Bureau of Meteorology; http://www.bom.gov.au/climate/).
An overview of the three hillslope sites is given below.
2.3.1 Mt Margaret hillslope
The Peake and Denison Ranges (Fig. 2.1A,B) is a low range of hills with<250 m local relief
and consisting of strongly folded Proterozoic metamorphic and sedimentary rocks with
granitic intrusions (Ambrose et al., 1981). The Mt Margaret Plateau is a gently curved
summit flat at ∼400–420 m a.s.l. (Figs. 2.1B and 2.2A) developed on steeply inclined,
NNW-SSE striking beds of Neoproterozoic Mt Margaret Quartzite, and is thought to be
an exhumed surface of pre-Cretaceous age (Wopfner, 1968, Twidale, 1994, Rogers and
Freeman, 1996). The plateau transect exhibits a continuous, transport-limited stony soil
mantle composed of angular, slightly varnished quartzite gibbers overlying silty soil, with
gilgai micro-relief of ∼0.5 m amplitude (Rogers and Freeman, 1996, Dunkerley, 2013).
Chapter 2. Tracking 10Be–26Al signals – Soil production and transport initiation. 26
0 500
m
N
N
NA1
B1
C1
0 50
m
0 250
m
Transect
Transect
Transect
0 1000
m
0 100
m
0 100
m
Pioneer
Mt Margaret
Coongra
Concave slope
Convex slope
Linear slope
clast-suppor
ted colluvium
, silty matrix
clast-free, silty soilangular q
uartzite g
ibbers varnished
un
va
rn
ish
ed
subround
ed, varnis
hed silcre
te gibbers
silty, ma
trix-sup
ported c
olluvium
subangular sand
stone gibbers
A2
B2
C2
A3
B3
C3
inclined
quartzite
Arumbera
Sandstone
Pertatataka Sandstone
Julie
Fm.
silcrete
exfoliated silcrete
SW NE
WSW ENE
SW NE
NW SE
N S
N S
Figure 2.2: A1, B1, C1: Oblique Google Earth images of the study sites with 3-
fold vertical exaggeration, showing sample transects (bold dashed lines). Black dots
and arrows indicate positions and directions of field photographs A2, B2, and C2. A3,
B3, and C3: Schematic cross-sections of the transects. A1 shows Mt Margaret Plateau
(thin dashed line) in the Peake and Denison Ranges with transect and Edward Ck in
foreground, and the photograph (A2) shows convex slopes flanking the transect and the
start of the Edward Ck gorge. B1 shows the silcrete cap (thin dashed line) at the top
of the Coongra transect and Coongra Ck in foreground. Extension of Coongra transect
(thinner dashed line) marks sampled, but unmeasured section, and the photograph (B2)
shows the Coongra hillslope surface. C1 shows ridges of the Western MacDonnell Ranges
with Pioneer transect and Pioneer Ck in foreground. Photograph (C2) shows Pioneer
transect, including hilltop bedrock (black-arrow) and depth-profile at road-cut (white
arrow).
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Vegetation is limited to a sparse cover of low chenopod bushes. Smooth, convex slopes
lead off the plateau and bedrock is locally exposed as low tors ∼1–2 m high (Fig. 2.3A).
With steepening slopes, varnished gibbers become rare and gilgai give way to lobate gravel
structures consisting of clasts incorporated in fine-grained matrix (Fig. 2.4). The convex
slopes transition to bedrock-floored gullies and farther downstream to a narrow bedrock
gorge (a tributary of Edward Ck, up to ∼60 m deep), which cuts transverse to rock-strike
and meets the rangefront ∼2 km downstream (Figs. 2.1B and 2.2A) and eventually the
Neales River.
2.3.2 Coongra hillslope
Coongra Ck drains the Oodnadatta Tablelands (Fig. 2.1A,C), an area of low hills with
<100 m local relief formed in Cretaceous Bulldog Shale (claystone to siltstone) and capped
with pedogenic cryptocrystalline siliceous duricrust (silcrete) thought to be of Palaeogene
age (Wopfner, 1978, Alley et al., 1996). Due to its high erosional resistance, the silcrete
outcrops yield a tableland and mesa landscape presumably via relief inversion (Pain and
Ollier, 1995). The silcrete caps (Fig. 2.2B) are intensely physically-weathered, as shown
by strong exfoliation (Figs. 2.3B and 2.5) and hillslopes and older alluvial surfaces are
draped with extensive silcrete gibber mantles. The study transect is a long, gently-inclined
hillslope leading down from a silcrete-capped hill ∼280 m a.s.l. (Figs. 2.1C and 2.2B).
Vegetation is limited to a sparse cover of low chenopod bushes, with some acacia trees
in the bedrock gullies that flank both sides of the hillslope. On the near-flat hilltop,
silcrete blocks (∼0.2–0.7 m) disintegrate in situ amongst a thin, silty soil cover with
possible aeolian origins. The hillslope convexity is restricted to the hilltop edge and
shortly becomes a long (∼2 km, S ∼ 1.5–2°) rectilinear slope with little concavity at
the base. Occasional outcropping silcrete bedrock indicates that the stony soil mantle
is probably <0.3–0.5 m thick. Silty soils underlie the surface silcrete gibbers, which
are subangular to subrounded and often varnished. The gibber monolayer is frequently
interrupted by gilgai especially in the lower portion of the slope where surface rills and
small-scale (<0.5 m deep) gullies occur. In the vicinity of our site, Fujioka et al. (2005)
suggested stripping of silcrete cap rock and adjacent slopes at ∼3 m.y., which slowed
down since ∼2 m.y. Silcrete crops out at the base of the hillslope, a few metres from the
dry, sand-bed channel of Coongra Ck (drainage area ∼1100 km2), which flows on to the
Alberga and Macumba River.
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A
B
C
Figure 2.3: Sampled bedrock at A) Mt Margaret (NIL-BR1), B) Coongra, and C)
Pioneer. Samples at Mt Margaret and Pioneer are amalgamated from 10 and 15 chips,
respectively. The Coongra sample was taken from an exfoliated surface.
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Figure 2.4: Sediment lobe developed at the transition from Mt Margaret Plateau to
the steepening hillslope, shown as A) schematic diagram in plan-view and B) photograph
in plan-view. C) Schematic cross-section of sediment lobe showing surface clasts that are
sub-vertical at the lobe front and flat-lying on the lobe nose and upslope. The lobe interior
is mainly matrix-supported, but we also observed interlocking pebbles and cobbles at the
base. Loose matrix and clasts characterise the interior of the lobe-front whereas upslope
the matrix exhibits a blocky texture.
2.3.3 Pioneer hillslope
Pioneer Ck drains part of the Western MacDonnell Ranges (Fig. 2.1A,D), which here
consist of ENE-WSW-trending chains of rounded strike-ridges of steeply-dipping early
Cambrian quartzites, sandstones, and siltstones, along with late Neoproterozoic silt-
stones, sandstones, dolostones, and limestones (Warren and Shaw, 1995) (Figs. 2.1D, 2.2C,
and 2.6). The resistant cuestas stand ∼200–600 m above strike valleys and previous work
reports 10Be-derived bedrock erosion rates of ∼7 m/m.y. (Heimsath et al., 2010). Ve-
getation on the upper slopes is a mix of low spinifex bushes and a cover of acacia trees,
which thickens downslope. The transect starts atop a minor rocky ridgecrest composed of
the early Cambrian Arumbera Sandstone (mainly siltstone and sandstone) (715 m a.s.l.;
the main adjoining ridge is ∼50 m higher) and extends downward into colluvium overly-
ing the late Neoproterozoic Pertatataka Sandstone. Exposed spines of steeply-dipping
sandstone form the ridgecrest, indicating that erosion is mainly due to joint-controlled
break-up (Heimsath et al., 2010), and bedrock and detached colluvial gravels carry Fe-rich
coatings. The weathering-limited convex crest transitions a few metres downslope to a
transport-limited stony soil mantle (Figs. 2.1D, 2.2C, and 2.6). The hillslope is mainly
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Figure 2.5: Exfoliated plateau-edge bedrock at Coongra and examples for gibber-
covered, gently dipping slope in the background.
concave but becomes nearly rectilinear towards the base. Here flanking gullies coalesce
laterally with the hillslope materials composing our transect and the subangular sand-
stone gibbers become mixed with subrounded quartzite pebbles indicating fluvial activity
associated with the adjacent incised alluvial fan. A transverse road-cut (Namatjira Drive)
about halfway downslope allows for a detailed two-dimensional investigation. The road-
cut reveals ∼3 m thick, clast-supported colluvium underlain by grey, saprolitic shales from
the late Neoproterozoic Julie Formation (Warren and Shaw, 1995) (Fig. 2.7). Pioneer Ck
meets the upper Finke River ∼13 km downstream.
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Figure 2.6: Smooth, rounded hills in the Western MacDonnell Ranges. Bedrock slabs
are cropping out on the hilltops (arrows). Development of concave slopes and evenly
spaced gullies intersecting strongly weathered Cambrian Arumbera sandstone.
Chapter 2. Tracking 10Be–26Al signals – Soil production and transport initiation. 32
85
 c
m
10
0 
cm
10
0 
cm
Clast-supported,
subangular colluvium
Fine-grained saprolite
70
 c
m
DP0
DP30
DP-SP
DP285
DP250
DP200
DP150
DP100
DP60
XRD
samples
CN
samples
Figure 2.7: Photograph of CN depth profile (Namatjira Drive road-cut) in the Pion-
eer hillslope transect. Total sediment thickness is ∼285 cm without apparent internal
stratigraphic breaks. Dashed line indicates boundary with saprolite, which developed in
weathered Neoproterozoic Julie Formation. Shown are the sampling locations for 10Be
and 26Al (blue diamonds) and XRD (blue stars). Saprolite was also sampled for 10Be
and 26Al (white diamond), but not measured due to insufficient quartz amount. Note
scale-bars added on the left margin to counteract the foreshortening effect in the photo-
graph.
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2.4 Methods
To characterise hillslope morphology and local slope we conducted topographic surveys of
the three study transects using a hand-held global positioning system (Garmin GPSmap
60CSx) and laser rangefinder (TruPulse 360B). Survey points were ∼20–25 m apart at
Mt Margaret and Pioneer, and ∼50 m at Coongra. We consecutively measured slope
gradient between survey locations and then averaged two measurements, weighted by
their horizontal distance, to derive slope gradient at their interjacent survey location. We
collected a range of samples along the transects for: 1) X-ray diffraction (XRD) analysis;
2) granulometric analysis; 3) cosmogenic nuclide (CN) analysis (Table 2.1). We aimed
to collect and measure enough samples to characterise the hillslopes, though a range
of considerations guided our judgements at each site. At Mt Margaret we collected and
measured samples spanning the full transect down to the bedrock-floored gully (Fig. 2.2A).
Measurements at Coongra (Fig. 2.2B) were halted when our results indicated a lack of
downslope trend and near-saturation of CN abundances in surface gibbers. At Pioneer
(Fig. 2.2C) we ended the transect at a point downslope where subrounded quartzite
pebbles became plentiful since this indicates fluvial activity, which we sought to avoid.
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2.4.1 X-ray diffraction analyses
We applied XRD analysis with an aim to identify minerals present and so determine
the provenance of the hillslope materials. Bedrock was analysed at all three hillslope
sites, and gravels from the surface and depth profiles were analysed at Mt Margaret and
Pioneer (Figs. 2.7 and 2.8; Table 2.1). XRD analyses were conducted at the University of
Wollongong (UOW) using a Philips X-ray diffractometer. Bulk samples were powdered
using a swing mill and chromium-steel mortar. For clay mineral identification by X-ray
powder diffraction, the clays were separated by decantation. For final identification and
quantification we applied the Rietveld-based approach using Siroquant software (Taylor,
1991).
0 
XRD samples
 
CN samples
 
100 
cm 
TOP-50
TOP-30
TOP-10
TOP-0
blocky, clast-free, silty soil
quartzite gibbers
Mt Margaret Quartzite
desiccation cracks
TOP-70(silt)
TOP-70(quartzite)
? ? ? ? ?
??
? ? ? ?
Figure 2.8: Schematic cross-section of the pit excavated on the Mt Margaret plateau. A
surface monolayer of quartzite gibbers covers a ∼70 cm thick layer of blocky, clast-free,
silty soil with sub-vertical cracks (grey lines) defining a columnar soil structure. The
soil overlies weathered Neoproterozoic Mt Margaret Quartzite. Shown are the sampling
locations for 10Be and 26Al (red diamonds) and XRD (red stars).
2.4.2 Granulometric analyses
We photographed the ground surfaces at intervals along the three transects and then ex-
tracted information about particle size and shape via digital image processing. Digital
2-dimensional analyses were conducted on nadir images (Fig. 2.9) using ImageJ software
(Schneider et al., 2012). A minimum of five images was taken at intervals along each tran-
sect; these included a scale and were digitally overlain with a grid. Particle boundaries
were manually mapped where gridlines intersect (>100 clasts at each location) and mor-
phological characteristics were measured automatically, including A- and B-axes of the
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best fitting ellipse, aspect ratio, surface area, perimeter, and circularity. Likewise, clasts
sampled for CN analysis were photographed in the laboratory to obtain size and shape
attributes (sample details are provided in Appendix B). Fine-sediment samples from a
∼70 cm-deep pit excavated on the Mt Margaret plateau were subjected to particle-size
analysis using a Malvern Mastersizer 2000 (102 classes between 0.02 and 2000 µm), taking
the average of five consecutive measurements.
2.4.3 Cosmogenic nuclide analyses
We collected surface samples for CN analysis from bedrock outcrops (Fig. 2.3) and the
gibber monolayer along our three hillslope transects (Fig. 2.9); subsurface samples were
collected at the Mt Margaret and Pioneer sites (Figs. 2.7 and 2.8). Additional sampling
details are provided in Table 2.1.
Samples were prepared for CN analysis (10Be and 26Al) at UOW and the Australian
Nuclear Science and Technology Organisation (ANSTO). After crushing and sieving the
250–500 µm size fraction, quartz was concentrated using standard HF/HNO3 (Kohl and
Nishiizumi, 1992) and hot phosphoric acid methods (Mifsud et al., 2013). Be and Al were
then extracted from quartz via ion chromatography (Child et al., 2000). All samples were
spiked with approximately 300 µg 9Be (Table 2.2), prepared from beryl crystals; an Al
spike was unnecessary. Full procedural chemistry blanks were prepared from the same
Be spike solution and ICP Al standard solution. 10Be/9Be ratios were measured on the
ANTARES Accelerator Mass Spectrometer (AMS) (Fink and Smith, 2007) and were nor-
malised to the standards KN-5-2 or KN-5-3 (Nishiizumi et al., 2007) (Table 2.2). 26Al/27Al
ratios were measured on ANTARES and SIRIUS (Fink and Smith, 2007, Wilcken et al.,
2017) and were normalised to the standard KN-4-2 (Nishiizumi, 2004) (Table 2.2). Blank
corrected 10Be/9Be ratios and 26Al/27Al ratios ranged 7.7–96.0 x 10–13 and 23.9–186.7 x
10–13, with uncertainties of 0.5–3.0% and 1.4–5.2%, respectively (Table 2.2). Uncertain-
ties for the final 10Be concentrations (atoms g–1) include AMS measurement uncertainties
(counting statistics, standard normalisation, and blank corrections), 2% standard repro-
ducibility, and 1% uncertainty in the Be spike concentration, in quadrature. Likewise,
final 26Al uncertainties include AMS uncertainties, 3% standard reproducibility, and 4%
uncertainty in the ICP-OES Al measurements, in quadrature (full details on sample pro-
cessing and AMS measurements are provided in Appendix C).
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A
B
C
Figure 2.9: Examples of slope surface images used for digital grain analyses: (A) Mt
Margaret, (B) Coongra, (C) Pioneer. Scales used are one staff segment (17.5 cm) and a
pen (14.3 cm), respectively. Grain boundaries were mapped where gridlines intersect.
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2.4.4 Monte Carlo inversion modelling of the cosmogenic nuclide data
We apply a Bayesian Monte Carlo approach (Hidy et al., 2010, version 1.2) to compute
depositional ages from our depth profile samples at Pioneer (Table D.4). We allow surface
erosion to vary 0–1 cm/k.y. based on average rates of 6.6 ± 2.0 m/m.y. determined by
Heimsath et al. (2010) on a nearby slope, and set the total erosion threshold to 0–50 cm.
We treat soil density as a free parameter allowing it to vary between 1.5–1.9 g cm–3, based
on density measurements conducted on several bulk samples (Table D.4).
To the 10Be and 26Al abundances measured in surface gibber samples we apply another
Monte Carlo-based inversion model (MC4) with the aim to devise particle exhumation
histories that account for bedrock exhumation, the timing of gibber production and de-
tachment, and the timing of their arrival at the surface. Accordingly, our MC4 model has
four parameters: i) Erate, the rate at which bedrock is advected upwards, which equals
the surface erosion rate and bedrock lowering rate assuming constant soil thickness; ii)
Tp, the initiation time of gibber detachment and its movement from the base of the soil
to the surface; iii) Ts, the timing of gibber arrival at the surface where it stays; and iv)
Rt, soil thickness. The 10Be and 26Al abundances can be time-integrated from any com-
bination of parameters (Erate, Tp, Ts, and Rt) and there are no unique solutions. We use
a Lagrangian approach whereby the position of the gibber sample is tracked through time
on its way to the surface. Gibber depth and nuclide abundances are updated increment-
ally across each small time-step δt, per site-specific rates of nuclide production and decay.
The time integration starts from an initial CN concentration, which is computed based
on the starting depth and the assumption of steady-state erosion (Erate). The cosmic-ray
shielding associated with the density of materials above the ’gibber sample’ is a function
of the proportion of overlying bedrock and soil; hence, density is recomputed at every
time-step.
To apply the Monte Carlo method, we first define appropriate intervals for our four model
parameters (Erate, Tp, Ts, and Rt). Using uniform sampling within each interval (with
the dependency that Ts < Tp) we choose N (typically 100,000) number of random models.
We time-integrate the CN values for each model and then compare the end values (present
day) to our measured 10Be and 26Al abundances. We accept only those models with 10Be,
26Al, and 26Al/10Be values that fall inside the 1σ uncertainties of our 10Be and 26Al
data. We iteratively adjust the model-parameter intervals to have many accepted models,
while avoiding contact with the interval limits (except at 0). We increase N in cases
where too few models are accepted. For one sample (TD-TS1) it was not possible to find
any accepted models; we then loosened the acceptance criteria to include models where
predicted values fall within 3σ uncertainties of our CN data.
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For all model computations we use the time-independent scaling scheme of Stone (2000)
and production mechanisms based on Granger and Muzikar (2001) to give a sea-level
high-latitude (SLHL) spallation production rate for 10Be of 4.18 atoms g–1 yr–1. We use
the 10Be half-life of 1.387 ± 0.012 m.y. (Chmeleff et al., 2010, Korschinek et al., 2010),
26Al half-life of 0.705 ± 0.024 m.y. (Norris et al., 1983) and a 26Al/10Be production ratio
of 6.75 (Balco et al., 2008) in our calculations. Rock density is 2.65 g cm–3, and soil
density is 1.7 g cm–3 (Pye, 1984).
2.5 Results
Figure 2.11 summarises the morphological and CN results of the three hillslopes in this
study. The summit of the Mt Margaret plateau (S<1°) leads down a convex hillslope
to the bedrock channel marking the head of the bedrock gorge below (Figs. 2.1B, 2.2A,
and 2.11A). The summit exhibits a parabolic geometry; that is, slope increases linearly
with distance (Fig. 2.10). On the convex segment there are lobate structures with clasts
incorporated in silty matrix (Fig. 2.4). The Coongra hillslope is a long and essentially
rectilinear slope with a gradient of 1.9 ± 0.9° (Fig. 2.11E,F), and falls ∼97 m over >2500
m. The Pioneer hillslope is initially steep, ∼15°, but declines to essentially constant
∼1.5–2° downslope (Fig. 2.11I,J).
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Figure 2.10: Illustration of parabolic character of Mt Margaret hillslope by best-fit
parabola approximation. Grey diamonds are survey locations. Dashed vertical line and
arrow indicate sampled transect section on the right.
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Figure 2.11: Hillslope transects and 10Be and 26Al results, with panels left to right:
Mt Margaret (red), Coongra (yellow), and Pioneer (blue). A, E, and I show transects
with normalised elevations. B, F, and J show measured slope-angles. Note the differing
horizontal scale for each hillslope. C, G, and K show measured 10Be abundances, and D,
H, and L show measured 26Al abundances all with logarithmic axes and ±1σ uncertain-
ties. Shown are surface gibber samples (red, yellow, and blue diamonds, per site) and
bedrock samples (white diamonds).
2.5.1 Mt Margaret soil pit
Table 2.3: Grain size of Mt Margaret plateau subsurface material.
Sample Depth Mean Sand Silt Clay 20–50 µm
ID grain size content content content fraction
[cm] [µm] [%] [%] [%] [%]
NIL-TOP-10 10 42.8 ± 6.5 18.2 73.2 8.6 46.3
NIL-TOP-30 30 41.7 ± 6.4 16.1 74.9 9.0 44.9
NIL-TOP-50 50 34.1 ± 5.8 12.7 72.0 15.3 28.6
NIL-TOP-70 70 30.2 ± 5.4 13.4 64.3 22.3 13.5
Combined – 37.2 ± 6.0 15.1 71.1 13.8 33.3
Below the surface gibbers is a ∼0.7 m-thick, stone-free, silty soil overlying weathered
quartzite. The soil is compacted and blocky with deep cracks defining a columnar struc-
ture (Fig. 2.8). Organic material in the form of leaves is occasionally present within the
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cracks. The fine fraction is predominantly silt (64–75%) with moderate sand (13–18%)
and clay (9–22%). The clay fraction increases with depth from 9 to 22% (Table 2.3),
whereas the medium to coarse silt fraction (20–50 µm) is highest near the surface (∼45%
at ≤30 cm depth). The silty soil is ∼60% quartz plus smaller fractions of albite, ortho-
clase, gypsum, hematite, and clay minerals. Illite-smectite mixed-layer swelling clays are
present throughout the profile (Fig. 2.12), but could not be quantified. Quartz content is
uniform with depth and gypsum distinctly increases while orthoclase decreases with depth
(Table 2.4). In contrast to the fine sediment fractions, quartz content is ∼90% in all rock
samples and the similarity in mineral composition of the mid-slope tor (NIL-BR1), the
bedrock in the base of the pit (NIL-TOP-70), and surface gibbers (NIL-TOP-0) indicates
that Mt Margaret Quartzite is the parent lithology in common (Table 2.4).
NIL50 (glycolated)
NIL50 (air dried)
 4  6  8  10  12  14
 100
 200
 300
 0
Degrees 2-Theta
Co
un
ts
Figure 2.12: X-ray diffractogram example of the clay fraction extracted from fine-
grained material covering the Mt Margaret plateau pit (here: 50 cm depth). The red
curve represents the air-dried sample and the blue curve represents the glycolated sample.
Swelling clays are responsible for the shift of peaks towards lower degrees 2-Theta values
in the glycolated sample compared to the air-dried sample. The pattern present here
indicates illite-smectite mixed-layer swelling clay.
2.5.2 Pioneer road-cut exposure
The road-cut exposure reveals clast-supported colluvial gravels with a calcareous matrix
in the top 2.85 m (Fig. 2.7). From the surface down to ∼2 m depth, the gravels are
well sorted with subangular to angular clasts generally ∼3–4 cm diameters. Below, the
colluvial gravels are moderately well-sorted and generally ∼5–8 cm plus some larger clasts
up to 20 cm. Underlying the gravels is weak and blocky, stone-free, silty, calcareous
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material. Clasts sampled within the exposure show similar shape attributes to surface
clasts, and there is no trend with depth (Table 2.5). Quartz is dominant (∼84%) in all
samples, although orthoclase content in surface gibbers halves downslope (Table 2.4). The
similarity in mineral composition of the Arumbera Sandstone at the ridgecrest (PIO-BR),
surface gibbers (PIO-TS5, PIO-TS11, PIO-DP100), and clasts in the road-cut suggests a
common parent lithology. By contrast, weathered bedrock (saprolite) at the base of the
road-cut exposure contains predominantly calcite (∼52%) and muscovite (27%), which are
absent from the Arumbera Sandstone but characteristic of the late Proterozoic carbonate
rocks of the Julie Formation (Warren and Shaw, 1995) (Table 2.4).
2.5.3 Size attributes of surface gibbers
Surface gibbers at Mt Margaret and Coongra show remarkable uniformity in particle
size and shape downslope (Fig. 2.13A-H; Table 2.5). Mean B-axis (30–40 mm), mean
aspect ratio (1.4–1.8), and circularity (0.7–0.8) all vary over a restricted range (though
one exception at Mt Margaret, NIL-TS6, is ∼50% coarser-grained). At Pioneer, all surface
gibber size parameters (A- and B-axes, perimeter, area, and possibly aspect ratio) decrease
downslope, whereas circularity appears to increase (Fig. 2.13I-L; Table 2.5). A- and B-axis
decline by 118 ± 103 mm/km and 73 ± 67 mm/km, respectively.
For all three hillslope transects, the shape (aspect ratio and circularity) of clasts collected
for CN analyses are consistent with those measured via field-photographs (Table 2.5).
Trends in aspect ratio and circularity at any of the locations are not clearly indicated in
clast samples collected for CN analyses (Table 2.5).
2.5.4 Cosmogenic nuclide abundances in surface particles and bedrock
Cosmogenic 10Be and 26Al abundances are summarised in Table 2.2 and Figure 2.11; all
uncertainties are ±1σ, unless otherwise stated. At Mt Margaret, the mid-slope bedrock
tor (NIL-BR1, 1.4 ± 0.04 x 106 atoms g–1) contains 10Be abundances that are three-
fold higher relative to the bedrock channel downslope (NIL-BR2, 0.4 ± 0.01 x 106 atoms
g–1) (Fig. 2.11C; Table 2.2). Surface gibbers on the transect (NIL-TS0, -4, -6, -8, -10)
show an apparent decrease in 10Be abundance downslope from an average of ∼1.2 x 106
atoms g–1 (NIL-TS0, -4, -6) on the plateau to ∼0.6 x 106 atoms g–1 at the bottom of
the slope and likewise for 26Al (Fig. 2.11C,D; Table 2.2). Large surface gibbers at the
pit (NIL-TOP-0) contain higher 10Be abundances, ∼2.7 x 106 atoms g–1, whereas the
quartzite underlying the soil (NIL-TOP-70) contains roughly half that of the surface 1.2
± 0.03 x 106 atoms g–1 (Table 2.2). At Coongra, the hilltop bedrock (TD-BR) and
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Figure 2.13: Surface particle size-morphology characteristics represented by box-plots
at Mt Margaret, Coongra, and Pioneer. Panels show particle size A-axis (A, E, I),
particle size B-axis (B, F, J), particle aspect ratio (C, G, K), and particle circularity
(D, H, L). Diamonds and thick horizontal lines represent mean and median, respectively.
Boxes enclose first and third quartiles; whiskers span the 1.5-fold interquartile range.
The percentage of outliers is displayed above and below whiskers.
surface gibbers (TD-TS1, -4, -9) contain consistently high abundances (10Be: ∼5 x 106
atoms g–1) that all overlap within 2σ uncertainty and show no apparent downslope trend
(Fig. 2.11G; Table 2.2). At Pioneer, CN abundances vary considerably along the transect.
The lowest abundances occur at the ridgecrest bedrock (PIO-BR(10Be): 0.6 ± 0.02 x 106
atoms g–1) and increase in surface gibbers downslope from 0.8 to 2.2 x 106 atoms g–1
(Fig. 2.11K; Table 2.2). At the road-cut depth profile, 10Be and 26Al abundances both
show exponential decrease with depth in keeping with cosmic ray attenuation (Fig.2.14;
Table 2.2). The 26Al/10Be ratios from all samples at Mt Margaret and Coongra are lower
than the surface production ratio of ∼6.75 (except for NIL-BR1) and plot below the
steady-state erosion island (Fig. 2.15A,B; Table 2.2), whereas all those at Pioneer (except
PIO-BR) plot on the steady-state erosion island, indicating major differences in particle
exhumation histories at each site (Fig. 2.15C).
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Figure 2.14: Pioneer 10Be and 26Al depth profiles. A1) Depth-variation in 10Be abund-
ance (blue diamonds), with model-generated exponential curves (grey) and the lowest
chi-squared fit (black dashes); error bars are ±1σ. A2) Age versus chi-squared plot for
10Be, with minimum chi-squared age (dashed line). A3), A4), and A5) Smoothed chi-
squared (black) and Bayesian probability density (red) functions for depositional age
(uncertainties are ±2σ), erosion rate, and 10Be inheritance, respectively. All calculations
follow Hidy et al. (2010, version 1.2), with full model parameters given in Table D.4. B1)
to B5) as above for the 26Al depth profile.
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Figure 2.15: Two-nuclide diagrams showing 26Al/10Be ratios (normalised to sea-level
high-latitude) and erosion rates (red dashes) in bedrock samples (white ellipses, BR) and
transect surface gibbers (TS). Ellipses indicate 1σ external uncertainty. A) Mt Margaret
(red ellipses; the pit surface is TOP-0), B) Coongra (yellow ellipses), and C) Pioneer (blue
ellipses). Samples continuously exposed at the surface should plot within the steady-state
erosion island (grey-shaded). See text for our explanation of samples plotting left of the
erosion island.
2.5.5 Model outputs of bedrock erosion and soil process rates
All modelled bedrock erosion rates are summarised in Table 2.6 and Figure 2.16. Erosion
rates on directly exposed bedrock surfaces are calculated via CosmoCalc 3.0 (Vermeesch,
2007; see Appendix D.2 for details), and rates of bedrock erosion beneath soil were com-
puted with our four-parameter Monte Carlo model, MC4. An example of the MC4 output
is given in Figure 2.17 (see Figs. E.1 to E.11 for complete MC4 outputs). Note that the
model is limited to constraining maximum erosion rates only; minimum rates remain
unconstrained because zero-erosion always falls within the acceptance criteria. For the
other MC4 parameters we cite the full range of accepted models (0–100 percentiles), unless
otherwise stated.
Bedrock exposed at the surface is eroding slowly at all our study sites and erosion rates
beneath soil are even slower. The Mt Margaret plateau bedrock (TS-0, 4, 6, and TOP-0)
is lowering at maximum rates of 0.3 to 2.8 m/m.y. and erosion rates potentially increase
downslope over the mid-slope tor, 1.8 ± 0.1 m/m.y. (NIL-BR1), towards the bedrock
channel, 7.3 ± 0.2 m/m.y. (NIL-BR2). At Coongra the exposed hilltop silcrete is eroding
at 0.19 ± 0.01 m/m.y. (TD-BR) and downslope bedrock is eroding at maximum rates
of 0.03 to 0.24 m/m.y. The Pioneer ridgecrest is eroding at 5.5 ± 0.2 m/m.y. (PIO-
BR) and downslope bedrock is eroding at maximum rates of 10.0 m/m.y. (Fig. 2.16;
Table 2.6). Because the colluvial mantle becomes increasingly mixed with alluvial fan
sediments downslope, we modelled the upper hillslope only.
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The MC4 model predicts that the earliest arrival of gibbers at the soil surface varies widely
at our three sites from ∼65 to ∼650 k.y., as do gibber maximum migration times up to
∼190–1930 k.y. from bedrock detachment at the base of the soil to the surface (Table 2.6).
Notwithstanding local variability, such timings are consistent between the three sites and
indicate minimum residence time of soils on the hillslopes on the order of half a million
years or more. At the Mt Margaret pit, where a surface gibber sample (NIL-TOP-0) is
paired to a sample at the base of the soil (NIL-TOP-70), we explored modelling scenarios
that satisfy the CN inventories of both. The result is a six-parameter Monte Carlo model,
MC6, that includes variation in soil thickness over time via aeolian accession over the
past ∼1.5 m.y. MC6 successfully constrains a consistent bedrock erosion rate for the two
samples to a maximum of 0.57 m/m.y. (see Fig. E.12).
Our Bayesian Monte Carlo analysis of the Pioneer depth profile is compatible with relat-
ively rapid deposition and suggests most probable depositional ages of 188–289 k.y. and
152–344 k.y. (2σ ranges) for 10Be and 26Al, respectively (Fig. 2.14; for full results see
Appendix D.4). The surface gibbers contain a marked increase in 10Be and 26Al abund-
ances downslope, which corresponds to a travel time of ∼330–360 k.y. (∼0.7–0.8 m/k.y.)
along the 250 m transect (Fig. 2.11K,L). We calculated travel time by first determining
exposure durations of surface particles at each sample location, starting with bedrock CN
abundances (Table 2.2) at detachment time zero and accounting for site-specific produc-
tion rates and radioactive decay. We then multiplied hillslope length with the rate of
increasing exposure durations downslope.
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Figure 2.16: Bedrock erosion rates derived from CN abundances in exposed bedrock
surfaces via CosmoCalc 3.0 (Vermeesch, 2007) and surface gibbers via our MC4 Monte
Carlo-based inversion model at A) Mt Margaret (red), B) Coongra (yellow), and C)
Pioneer (blue) versus downslope distance. Open diamonds indicate exposed bedrock
samples. Boxes enclose Q1-Q3 range with median (horizontal lines). Whiskers span full
range of accepted models (MC4). Light-shaded box at Mt Margaret (A) is surface sample
from the plateau pit offset ∼200 m from transect. At Pioneer (C) bedrock erosion rates
were computed only for the uppermost hillslope surface gibber samples (upslope of the
fluvial influence).
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Figure 2.17: One example of the MC4 (4-parameter) Monte Carlo-based inversion
model outputs (sample NIL-TOP-0). Colours correspond to models with slow (blue) to
fast (red) erosion rates. A) The 26Al/10Be (±1σ uncertainty) domain that defines the
accepted forward models. B) Exhumation paths of accepted models spanning the past
5 m.y. Note the rapid acceleration that occurs when particles detach from bedrock and
migrate upwards to the soil surface (i.e. two-speed exhumation). Frequency distributions
of accepted models are shown for the four free-parameters: C) Gibber upward-migration
time from base of soil to surface; D) Gibber arrival time at soil surface; E) Bedrock
erosion rate at the base of the soil, and F) Soil thickness.
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2.6 Discussion
We start with some detailed considerations of our site-specific findings and then move to a
concluding discussion with a focus on application of CNs in slowly-eroding post-orogenic
landscapes.
2.6.1 Authigenic versus aeolian origins of hillslope soils
The lithology and mineral composition of the gravels mantling all three hillslope tran-
sects links them directly to local bedrock sources (Table 2.4). Bedrock weathering in
situ produces particles that once detached move downslope and form mobile stony soils.
The soil-mantled summit at Mt Margaret, however, suggests something different. XRD
analysis of the bedrock shows a match with the surface gibbers, but the underlying fine-
grained soil fraction contains materials unrelated to bedrock. These silty soils very likely
derive from aeolian sources to the west (via prevailing winds). Soils at Coongra and Pion-
eer comprise a lower proportion of silty sediments, which we did not analyse quantitatively
but probably also have aeolian origins. Both sites lie within ∼10 km of aeolian sandplains
and dunes, and vesicular A-horizons observed beneath the gibbers suggest incorporation
of aeolian dust (McFadden et al., 1998).
Aeolian inputs to hillslope soils are observed widely in Australia (Chartres, 1982a,b),
North America (Wells et al., 1985, McFadden et al., 1987, Wells et al., 1995, Matmon et al.,
2009), and Europe (Muhs et al., 2010). The vast expanse of stony mantles in Australia,
estimated at 10% of the continent (i.e. roughly 800,000 km2), points to great volumes of
stored aeolian material. The extent of the Australian dunefields (∼3 million km2) is well
appreciated (Wasson et al., 1988, Hesse, 2010), but the comparable volume of silt-rich
aeolian sediments stored within the stony desert mantles is less recognised. Assuming an
average thickness of 0.5–1.5 m we estimate that aeolian materials may amount to as much
as 400–1200 km3 across the continent.
Aeolian input to the soil mantles from at least 0.2 m.y. and possibly more than 1 m.y.
(Table 2.6) is compatible with proposed intensification of aeolian activity at ∼350 k.y.
(Hesse, 1994) or ∼1 m.y., per CN burial-dating of aeolian mantles and dunes elsewhere
in central Australia (Fujioka et al., 2009, Fisher et al., 2014). We lack sufficiently high
resolution data to be conclusive; multiple phases of aeolian input seem likely, as do possible
episodes of erosion (e.g., Fujioka et al., 2009). Yet overall our results are consistent
with the view that once stabilised below the gibber-armored surface, silty aeolian soils
remain fixed over very long timescales (Fujioka et al., 2005, Fujioka and Chappell, 2010).
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Accession of thick blankets of aeolian dust enabled the shrink-swell processes favorable to
downslope creep, as discussed in the following section.
2.6.2 Timing and dynamics of stony soil mantle development
The close association of the stony mantle at Mt Margaret and Coongra with gilgai micro-
relief suggests that once gravel clasts detach from bedrock joints at the base of the soil,
they move upwards via shrink-swell action and concentrate on the surface (Hallsworth
et al., 1955, McFadden et al., 1987, Cooke et al., 2006, Fisher et al., 2014). An alternative
model is that the surface gibbers formed on a bare bedrock surface and aeolian dust
then infiltrated and thickened beneath them later (McFadden et al., 1987, Wells et al.,
1995, Matmon et al., 2009). According to both models, surface gibbers will contain non-
uniform CN abundances because each particle experiences a unique history of exhumation
through bedrock. Even under steady bedrock erosion rates, particle arrival times at the
top of the eroding bedrock column can differ greatly, and the presence of a soil mantle
adds further opportunity for disparity as detached particles must migrate upwards to the
gibber-mantled surface. This variability is lessened by amalgamating tens to hundreds of
particles in each of our samples (see methods), but CN abundances from Mt Margaret
plateau (TS-0, TS-4, TS-6) do not overlap within 2σ uncertainty, whereas the samples at
Coongra do (Table 2.2). Our MC4 model outputs demonstrate that the disparity in CN
abundances and the different exhumation histories suggested by them is probably acquired
during the comparatively slow bedrock exhumation phase, rather than during the upward
migration through soil to the surface (Figs. 2.17 and E.1 to E.11). The range of CN
abundances among our amalgamated surface samples demonstrates that i) gibbers are
extremely long-lived particles, and ii) the stony mantles have been concentrating gibbers
at the surface over a very long period. For instance, Fujioka et al. (2005) measured 21Ne–
10Be abundances in surface gibbers that equate to exposure ages of ∼2–3 m.y. from a
hillslope adjoining the Coongra site (Fig. 2.1C).
On the other hand, our findings suggest that the surface gibbers may experience rather
more dynamic processes than previously thought. The MC4 model prediction of gibbers
arriving at the surface over the past tens to hundreds of thousands of years (<650 k.y.)
falls well short of the 2–4 m.y. stability described earlier (Fujioka et al., 2005). One
explanation for this discrepancy is that gibber-particles gain most of their CN inventory
not at the surface but near the surface in the upper ∼1 m of the bedrock column. While
we did not find gibbers in-transit to the surface of our pit, the active sediment lobes
observed at the edge of the Mt Margaret plateau (Fig. 2.4) indicate that the production
and detachment of gibbers at the base of the soil must be ongoing, or nearly so. Otherwise,
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the plateau surface would no longer support a stony mantle and the underlying aeolian
soil would be rapidly removed. Our MC4 model outputs of gibber upward-migration times
of ∼0.2–1.0 m.y give a broad indication of the timescales involved in the case that gibber
production stalled and the plateau surface was consequently stripped of soil. Whether
the sparse fine-sediment present on summit sites today might be remnants of once thicker
aeolian cover, as proposed for the Flinders Ranges south of Lake Eyre (Haberlah et al.,
2010), remains unknown. We note that the MC4 simulations on the Mt Margaret plateau
samples (Figs. 2.17 and E.1 to E.5) generally point to the existence of soils thicker than
those revealed in our pit (∼0.7 m) and this may suggest recent or periodic soil thinning
and/or stripping.
2.6.3 Downslope sediment transport on hillslopes
At Coongra and Pioneer, weathering-limited bedrock summits transition to soil-mantled
slopes, signifying a rise in the ratio of sediment production to sediment transport. Both
these transects have a very restricted upper convex segment marked by outcropping bed-
rock, with soils mantling slope segments that are rectilinear (at Coongra) or concave
(at Pioneer) and sediment transport is predominantly via slope wash. The setting is
reversed at Mt Margaret where the transport-limited plateau transitions to an incising
bedrock channel and gorge-head due to a fall in the ratio of sediment production to sed-
iment transport. The plateau’s parabolic curvature (Fig. 2.10) is strongly indicative of
the mobile soil mantle being transported predominantly via creep (Anderson, 2002). The
morphology, transport processes and results at each site are summarised in Figure 2.18.
The size of surface gibbers is a function of their initial size when detached from bedrock
and abrasion and sorting processes during sediment transport (Carson and Kirkby, 1972).
At Pioneer, the simple downslope-fining from initial cobble-sizes to pebbles (Fig. 2.13I,J)
follows the expected outcome down a concave profile due to slope wash processes (Poesen
et al., 1998). The lack of downslope-fining at Coongra and Mt Margaret reflects the
mid-slope supply of newly detached (larger) particles from larger blocks and outcropping
bedrock observed in both transects. We can draw some inferences about sediment trans-
port based on the relationships between the slope profiles, particle size and CN abundances
measured in bedrock and sediment, as follows.
At Mt Margaret, the combination of constant particle size (due to the addition of new
particles from mid-slope) and steadily steepening slope leads to an abrupt transition
to a bedrock-floored gully at the base of the hillslope. The downslope decline in CN
abundances observed in this transect is the result of non-uniform hillslope erosion and
soil production, and the transport of plateau surface gibbers downslope. Surface gibbers
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sampled on the hillslope transect are a mixture of i) plateau gibbers enriched with high
CN abundances (∼1.2 x 106 of 10Be atoms g–1), ii) freshly detached particles from mid-
slope bedrock outcrops, iii) bedrock (not sampled) on the steepened plateau edge that
remains buried by the soil mantle, and iv) bedrock exposed via the incising channel head
(∼0.4 x 106 of 10Be atoms g–1). Downslope sources of exhumed particles contain lower
CN abundances and so dilute the CN-enriched population of plateau gibbers during their
downslope migration resulting in intermediate values. This dilution is reflected in the
fading presence of varnished gibbers downslope although transport-related abrasion could
also contribute to varnish removal.
The persistence of a thin (<0.5 m) soil mantle at Coongra implies a fine balance between
sediment production and transport downslope. The low slope-angle slows sediment trans-
port rates sufficiently to allow for in situ disintegration of silcrete blocks at mid-slope
positions, and the lack of downslope-fining may inhibit development of slope concavity in
favor of a rectilinear profile. Slope wash has concentrated (possibly aeolian) fine-sediment
in the lower segments of the ∼2 km-long debris slope where soil-dilation associated with
gilgai contributes to sediment transport despite the low slope-angle (∼1.5–2°). The uni-
formly high, near-saturated CN abundances observed along this transect prevent us from
deriving a sediment transport rate. The uniform abundances and particle-sizes downslope
result from the mid-slope supply of newly detached particles from larger blocks and bed-
rock (Fig. 2.13E,F; Table 2.5). Occasional heavy rain may cause significant slope wash
and rilling, but consistent with other findings (Fujioka et al., 2005, Fujioka and Chappell,
2011) we interpret this hillslope as displaying overall very low geomorphic activity due
to the highly resistant silcrete bedrock, the low slope-angle (∼1.5–2°), and low rainfall
(<200 mm/yr).
The Pioneer transect displays a commonly observed hillslope profile concavity coupled
with declining particle size and aspect ratio and increasing circularity (Fig. 2.13I-L;
Table 2.5)—all of which suggest sorting and/or abrasion of transported particles that were
first detached at the ridgecrest (Poesen et al., 1998). Based on the uniform mineralogy of
the surface gibbers (Table 2.4), the ridgecrest Arumbera Sandstone generates most of the
slope materials. The soil mantle thickens downslope where it drapes fine-grained carbon-
ate rocks of the late Neoproterozoic Julie Formation (Warren and Shaw, 1995), which are
weathered to saprolite and exposed at the base of the road-cut (Fig. 2.7). As at Coongra,
slope wash has concentrated fine (aeolian?) sediments in distal areas of the Pioneer hill-
slope. The clast-supported structure of the soil mantle exposed in the road-cut (Fig. 2.7)
suggests that the gibbers move exclusively at the surface via slope wash (de Ploey and
Moeyersons, 1975, Reid and Frostick, 1985, Dunkerley and Brown, 1995, Dunkerley, 2013,
Owen et al., 2013). The increase in downslope 10Be and 26Al abundances within surface
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gibbers corresponds to a travel time of ∼330–360 k.y. (∼0.7–0.8 m/k.y.) along the 250
m transect (Fig. 2.11K,L). In the humid Great Smoky Mountains, North Carolina, Jun-
gers et al. (2009) infer downslope particle transport from increasing CN abundances at
the surface coupled with a well-mixed soil transport layer in which CN abundances are
constant with depth. Our depth profile, however, shows no apparent sedimentological
changes and 10Be and 26Al abundances increase exponentially to the surface. Sediment
transport processes on the Pioneer hillslope today are dominated by non-fluvial slope
wash, which mobilises and deposits gibbers one or two grains thick. However, we suspect
that the adjacent alluvial fan, linked to a small tributary to Pioneer Creek (Fig. 2.2C1),
caused rapid deposition on the lower part of the hillslope at ∼188–289 k.y. (1σ range for
10Be, Fig. 2.14) prior to fan-head entrenchment.
2.6.4 Lithology modulates bedrock erosion rates
Lithological factors are likely the main cause of the wide variation among erosion rates
measured on exposed bedrock surfaces and those beneath soil cover (Fig. 2.16). Exposed
bedrock erodes at ∼0.2–7 m/m.y. and under soil at maximum rates of less than 0.1
m/m.y. and up to 10 m/m.y. Bedrock outcropping on the Coongra and Pioneer hilltop
crests indicates that detached particles move downslope faster than new particles are
produced. The extremely slow erosion rate of the silcrete-cap at Coongra is a function
of erosional resistance (Jansen et al., 2013, Bierman et al., 2014) and the flatness of
the mesa tops, which impedes gravity-driven processes of rock breakdown and particle
transport, except for the edges. In comparison, the Mt Margaret Quartzite mini-tor and
the Arumbera siltstones and sandstones at the narrow ridgecrest (at Pioneer) are both
more closely-jointed and more subject to gravity-assisted rock disintegration.
Expanding on the issue of lithological control, we compiled all previously published 10Be-
derived erosion rates measured on four rock-types (conglomerate, sandstone, quartzite,
and silcrete) in central Australia (Fig. 2.19). Our compilation contains two types of erosion
rate data: exposed bedrock surfaces and bedrock lowering under soil. The effect of soil
thickness on soil production rates is long debated (Carson and Kirkby, 1972, Heimsath
et al., 1997, Humphreys and Wilkinson, 2007), and the inclusion of allochthonous aeolian
materials is an additional complication (Owen et al., 2011); however, we can say that
rock-type does appear to exert an important influence on erosion rates for both bare
and covered bedrock surfaces. Under conditions of extremely slow erosion, lithological
control may be stronger than previously recognised and might even outweigh the effects
of soil-cover thickness (Heimsath et al., 2010).
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Figure 2.19: Compiled cosmogenic nuclide-derived bedrock erosion rates in central
Australia shown as box-plots per lithology. White box-plots denote direct bedrock ex-
posure measurements derived from our study, Fujioka (2007), Heimsath et al. (2010), and
Quigley et al. (2010). Boxes enclose Q1-Q3 range with mean (open diamonds) and me-
dian (thick horizontal lines). Coloured boxplots denote bedrock erosion rates under soil
computed via our MC4 modelling of CNs in surface gibbers at Pioneer (blue), Mt Mar-
garet (red), and Coongra (yellow). Boxes and whiskers enclose the full-range of accepted
models.
2.6.5 Long-term hillslope evolution
The Mt Margaret plateau is described by others as the Mt Margaret Surface: an elevated
remnant of an etch-type peneplain of possible Late Jurassic age (Wopfner, 1968, Twidale,
1994, Rogers and Freeman, 1996). Noting that present-day aridity means that our plateau
erosion rates of ∼0.3 to 2.8 m/m.y. probably underestimate mean rates over ∼108 years,
extrapolation to the Late Jurassic yields ∼120–1120 m of erosion. While some part of this
will have been compensated by isostasy, it is nonetheless difficult to envisage preservation
of plateau morphology over such timescales. The lack of tors on the plateau summit may,
on the one hand, be consistent with initial low-relief (Anderson, 2002), but the parabolic
morphology (Fig. 2.10) can also be viewed as the product of long-term creep-dominated
sediment transport—not a remnant peneplain. Sediment lobes developed on the steeper
slopes suggest appreciable present-day slope activity (Fig. 2.4), and the emergence of
bedrock tors (Fig. 2.3A) in gullies at the edge of the plateau suggests a transient state
of hillslope evolution driven by fluvial incision: the gullies represent knickzones that are
eroding the plateau edge at a notably faster rate of 7.3 ± 0.2 m/m.y. (NIL-BR2, Table 2.6)
relative to the plateau crest. The base-level fall that triggered these knickzones possibly
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stems from the rangefront fault ∼2 km downstream. Plio-Pleistocene uplift in the Peake
and Denison Ranges has been proposed (Wopfner, 1968, Rogers and Freeman, 1996), but
quantitative evidence for this uplift is lacking and we suspect that the timing may be
significantly older.
The accession of aeolian dust to the Mt Margaret soils is likely to have enhanced rates of
creep-based sediment transport by providing an efficient soil-dilation mechanism. How-
ever, by suppressing runoff and therefore gullying and plateau dissection, the continuous
soil mantle may promote a stabilizing feedback that inhibits the rate of plateau lowering.
Whether this transport-limited system and others akin to it (e.g., blockfields in cold cli-
mates, Egholm et al., 2015) serve to inhibit or accelerate the formation or destruction of
plateau surfaces remains to be properly examined.
The Oodnadatta Tablelands at Coongra comprise extensive mesas ∼100 m above broad
open valleys that are up to several kilometres in width. In planview, the mesas display
fretted edges where steeper gullies undermine and break-up the resistant silcrete cap,
leaving gibber-strewn debris slopes (Fig. 2.2B). The Coongra transect runs down an in-
terfluve that likely lengthens as the cap-rock edge retreats, causing the hillslope angle to
gradually decline, which slows transport even further (Figs. 2.16B and 2.18B). This rec-
tilinear debris slope evolves via parallel retreat, which is governed by the rate of erosion
at the edge of the silcrete cap (Boroda et al., 2014). Outcropping bedrock at the base of
the slope directly adjoining the Coongra Ck stream channel is suggestive of slow lateral
planation by the stream against the toe of the hillslope, but connectivity with the channel
appears to be otherwise minimal.
Local base level for hillslopes in the Western MacDonnell Ranges is governed by the rate
of incision in gorges that cut across the high sandstone strike-ridges (Mabbutt, 1966). In
the absence of a resistant cap-rock, hillslope relief is presumably declining in pace with
the lowering of the ridgecrest at ∼2–6 m/m.y. (our data and Heimsath et al., 2010)
(Figs. 2.16C and 2.18C). The Pioneer Ck channel episodically reworks the distal part of
the stored hillslope materials, but given the low slope-angles (∼1.5–2°) and low relief of
the valley floor (∼1–2 m) (Figs. 2.1D and 2.11I,J), there is low connectivity with hillslopes
overall. More influential is the adjoining alluvial fan that periodically incises its fan-head
by a few metres and triggers gullying upslope (Fig. 2.2C1).
The Mt Margaret plateau edge is clearly subject to base-level influences, but hillslopes at
Coongra and Pioneer are far less attuned to local base-level dynamics. Instead, these sites
appear to be more strongly influenced by upslope and authigenic factors in a ’top-down’
evolution that may be characteristic of post-orogenic, low-relief terrain. Montgomery
(2003, p.1128) describes low-gradient rivers being ’slaved to the hillslope flux leading in a
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long slow tail of landscape response’. The sediment yield from our central Australian hill-
slopes are among the slowest ever measured (especially Coongra), hence the river systems
are generally sediment supply-limited (Jansen, 2006). This is contrary to the common
situation in tectonically active settings where hillslope evolution is set by landsliding via
fluvial incision at the base of the slope (Schmidt and Montgomery, 1995, Burbank et al.,
1996, Montgomery and Brandon, 2002).
2.6.6 Low 26Al/10Be ratios due to burial and/or two-speed exhumation
The extremely slow rates of erosion that are typical of post-orogenic terrain have import-
ant implications for the application and interpretation of CN data. The average time
particles spend in the upper 0.6 m of the bedrock column is a measure of the integ-
ration time of bedrock erosion rates measured at the surface (von Blanckenburg, 2005)
(Table 2.6). Minimum estimated integration times computed with the MC4 vary widely
among our three sites: ∼0.2–2.1 m.y. at Mt Margaret plateau, ∼2.5–18 m.y. at Coongra,
and ∼0.06 m.y. at Pioneer (integration times based on exposed bedrock erosion rates per
site are: ∼0.33 m.y., ∼3.2 m.y., and ∼0.11 m.y., respectively). For soil-mantled hillslopes
there are additional soil-mixing factors that govern the rate of particle exhumation to the
surface and this varies between settings (Heimsath et al., 2009, Amundson et al., 2015).
In slowly-eroding landscapes with stony mantles, particles detached at the base of the
soil during soil production will experience sharp acceleration to the surface relative to
the slow exhumation path through bedrock (Figs. 2.17 and E.1 to E.11). For our sites
with bedrock erosion rates <2 m/m.y., the median upward-migration times for gibbers is
<14% of the interval spent in the upper 0.6 m of the bedrock column (Table 2.6). Recent
stripping of thick soils is another mechanism that yields the same rapid exhumation effect
bringing deeply-shielded materials abruptly to the surface (e.g., Owen et al., 2011). As
noted below, we model this scenario too (Fig. 2.20A). In other words, soil-mantled land-
scapes can promote rapid acceleration in particle exhumation to the surface under either
transient-erosional conditions or steady-state conditions where soil thickness is constant
over time.
Two-speed exhumation carries some interesting side effects in post-orogenic landscapes.
At moderate rates of bedrock erosion (>10 m/m.y.) the 26Al/10Be ratio is maintained
at close to the surface production ratio ∼6.75. However, during long periods of slow
erosion rates (<10 m/m.y.) 26Al/10Be ratios start decreasing throughout the bedrock
column owing to the differing radioactive decay rates of 26Al and 10Be (Fig. 2.21). With
extremely slow exhumation (<1 m/m.y.) rates of production and radioactive decay for
26Al approach unity (i.e., secular equilibrium), whereas 10Be production increases to the
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Figure 2.20: Potential exposure/exhumation histories for samples plotting to the left of
the steady-state erosion island on the two-nuclide diagram (26Al/10Be ratios normalised
to sea-level high-latitude). Nuclide production includes spallation and muons (Granger
and Smith, 2000). Ellipses indicate ±1σ external uncertainty at Mt Margaret (red),
Coongra (yellow), and Pioneer bedrock (blue). A) Long-term nuclide production under
thick soil followed by recent stripping. Multiple erosion islands (coloured lines) plot
to the left with increasing former thickness of recently stripped soil (shielding depth in
cm). 26Al/10Be ratios are shown independent of soil thickness; dashed arrows indicate
exposure age and steady-state erosion rate. B) Three examples (zigzags) of many possible
alternating intervals of surface exposure and complete shielding (under >3–5 m soil).
Zigzags plot leftward with increasing ratio of burial to exposure. C) Three examples
(zigzags) of alternating intervals of surface exposure and partial shielding (under 0.5–2.5
m soil). Zigzags plot leftward with thicker soil and increasing ratio of burial to exposure.
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surface causing 26Al/10Be to decline to <5.0 (Fig. 2.21). The upshot is that a sudden
pulse of exhumation will yield surface samples with 26Al/10Be ratios much less than 6.75
and place them to the left of the steady-state erosion island on a two-nuclide diagram
(Figs. 2.20A and 2.21). This effect of episodic erosion on the 26Al/10Be ratio is described
in some of the earliest CN studies (Lal, 1991, Small et al., 1997). It can apply to bedrock
too. On the Pioneer ridgecrest (PIO-BR, Fig. 2.3C) exposed spines of steeply-dipping
sandstone (up to 30 cm high) break off and force a sudden exhumation pulse compatible
with the 26Al/10Be ratio of 5.5 ± 0.4 (Table 2.2).
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Figure 2.21: Modelled particle exhumation paths through bedrock and soil. A) Schem-
atic 3-m bedrock column capped by 1-m soil (grey) showing three exhumation paths
according to different steady, long-term bedrock exhumation rates: 0.1 m/m.y. (red), 1.0
m/m.y. (green), and 10 m/m.y. (blue). The coloured lines show how 26Al/10Be ratios
vary during particle exhumation. For each case, particle migration rate through the upper
1-m soil is 10 m/m.y. (consistent with our MC4 modelling of gibber upward-migration
times, Table 2.6). Dashed lines indicate the case in which soil is absent and bedrock
outcrops at the surface. B) A two-nuclide plot showing the corresponding particle ex-
humation paths. At very slow erosion rates typical of low-relief post-orogenic settings,
surface particles inherently acquire low 26Al/10Be ratios via ’two-speed exhumation’.
An alternative to two-speed exhumation applies to many settings and involves cyclic burial
and exposure of particles and partial or complete shielding over long periods. Bierman
et al. (1999) outlines scenarios from landscapes that are episodically buried beneath ice
sheets. Under such circumstances CN production is totally halted and the differing ra-
dioactive decay rates of 26Al and 10Be cause gradual deviation in 26Al/10Be over time.
Partial shielding under soil can yield the same effect provided that i) soil is sufficiently
thick to retard cosmogenic nuclide production, and ii) shielding is sufficiently long in
duration. We explore soil-stripping and burial-exposure scenarios in a series of simple
forward models that yield potential CN trajectories over time, and we compare those to
CN inventories at our three hillslope sites. The models simulate recent stripping of up to
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160 cm of soil (Fig. 2.20A) and multiple 50–500 k.y. cycles of full exposure to complete
burial (>3–5 m) and to partial burial (≤2.5 m), respectively (Fig. 2.20B,C).
The resulting CN trajectories illustrate a range of non-unique pathways to 26Al/10Be ra-
tios that fall to the left of the steady-state erosion island - nearly all offer plausible options
involving complex soil dynamics and a total exposure history of >1–2 m.y. Intermittent
burial could, for instance, occur with episodic aeolian accession in tune with glacial cycles.
Recent thicker soil mantles are in line with some of our MC4 (Figs. 2.17 and E.1 to E.5)
and MC6 (Fig. E.12) model outputs. Indeed, there is every possibility that some combin-
ation of two-speed exhumation and burial/exposure scenarios may apply to our central
Australian sites given the extremely long timeframes available.
2.7 Summary
We investigate three soil-mantled desert hillslopes in post-orogenic central Australia with
the aim to quantify rates of sediment production, residence time, and sediment transport
downslope and therefore to gain insights to their long-term evolution. We measured the
abundances of cosmogenic 26Al and 10Be in 28 samples (n = 56) from surface gibbers and
exposed bedrock surfaces and we devised a series of simple forward models and Monte
Carlo-based inversions to analyse our results and constrain rates of surface processes. Our
summary conclusions are as follows:
1) Lithology plays a key role in governing hillslope morphology and in turn influences
rates of hillslope evolution. The resistant meta-sedimentary rocks composing low post-
orogenic ranges (e.g., Peake and Denison Ranges, Western MacDonnell Ranges) develop
gently rounded hill crests with convex upper hillslopes that turn concave lower down.
Horizontal silcrete-duricrusts form mesa summits with very long, low-angle rectilinear
hillslopes. Rock-type accounts for widely varying erosion rates of ∼0.2–7 m/m.y. on
exposed bedrock surfaces, and those under soil where maximum rates range from <0.1
m/m.y. up to ∼10 m/m.y. (Figs. 2.16 and 2.19). Such erosion rates are a function
of slope-angle per rock mass strength and corresponding hillslope sediment flux, and
lithogical factors might also outweigh the effects of soil-cover thickness on soil production.
2) Widespread transport-limited stony soil mantles signify that authigenic soil production
outpaces transport rates downslope. We identify slope-wash as the main mode of particle
transport on 105–106 year timescales; similar to Owen et al. (2013) in the hyperarid
Atacama, but on a timescale one order of magnitude longer. Nonetheless, atmospheric
inputs of aeolian materials complicate matters significantly and call for new approaches to
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understanding hillslope soil dynamics in arid landscapes—especially where aeolian dust
inputs spark shrink-swell processes and gilgai that drive creep-based sediment transport.
We identify the geochemical fingerprints of aeolian dust in soils of the Eyre Basin from at
least 0.2 m.y. and possibly more than 1 m.y., which is consistent with previous workers
(Hesse, 1994, Fujioka et al., 2009, Fisher et al., 2014). The volume of aeolian dust stored
within stony soil mantles across the continent may total 400–1200 km3.
3) Surface gibbers mantling stony hillslope soils may in some cases experience a relatively
dynamic history. Our Monte Carlo-based inversion modelling can simulate CN invent-
ories consistent with gibber arrival at the soil surface over the past tens to hundreds of
thousands of years (<650 k.y.), which is well short of the 2–4 m.y. of stability described
previously (Fujioka et al., 2005, Matmon et al., 2009). We find that particles potentially
spend 2–6 m.y. or more in the upper 0.6 m of the bedrock column and an additional
∼0.2–2 m.y. or more within hillslope soils. Gibbers potentially acquire the bulk of their
typically high CN abundances near but not at the surface.
4) Under extremely slow erosion rates (<1 m/m.y.) 26Al/10Be ratios start decreasing
throughout the bedrock column (Fig. 2.21), therefore surface particles inherently ac-
quire low 26Al/10Be ratios. A sudden pulse of exhumation due to, for instance, upward-
migration of gibbers or recent stripping of thick soil (e.g., Owen et al., 2011) will yield
surface samples with 26Al/10Be ratios that fall to the left of the steady-state erosion
island on a two-nuclide diagram (Fig. 2.20A). Although we lack data to discriminate con-
clusively, ’two-speed exhumation’ in soil-mantled landscapes is an alternative to cyclic
exposure-burial that is often invoked to account for low 26Al/10Be ratios (Fig. 2.20B,C).
5) The slow tempo of hillslope evolution reflects processes that are largely independent
of local base level (at Coongra and Pioneer), in contrast to tectonically active regions
where hillslope flux is set by the rate of fluvial incision (Montgomery and Brandon, 2002).
Instead hillslopes appear to be more strongly governed by upslope and authigenic soil
production and transport, which are rooted in lithological factors (as noted above). This
suggests a distinctive ’top-down’ evolution that might be characteristic of some low-relief
post-orogenic landscapes in which there is inefficient connectivity between hillslopes and
channels and therefore comparatively slow export of sediment (Bishop, 2007). Elsewhere
(at Mt Margaret) we find that base-level adjustments influence hillslope evolution perhaps
several million years after the initial tectonic trigger, suggesting that once relief is in
place, a very long response follows during which relief decline is exceedingly slow (cf.
Baldwin, 2003). Very long residence times on hillslopes will account for substantial CN
inheritance in samples collected from river beds downstream. Quantifying the inherited
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signal that particles acquire before they enter the fluvial system is an important refinement
to understanding catchment-scale denudation in these slowly-eroding landscapes.
Chapter 3
Tracking 10Be–26Al signals along
the central Australian sediment
conveyor – Sediment routing
3.1 Introduction
Landscapes are continuously redistributing mass in response to tectonic and climatic
forcing. A suite of surface processes achieves this redistribution at rates fast and slow,
modifying landscapes while routing particles from erosional source areas to depositional
sinks (Allen, 2008). Rapid, short-term transport (<101 years) allows for direct monitoring
whereas indirect methods such as geochemical-isotopic tracing or mathematical modelling
become necessary beyond historical timescales (>102 years) (Allen, 2008, Romans et al.,
2016). Longer timescales are also relevant to the making of the geological record, which
forms the basis of how we understand the narrative of Earth’s history (Allen, 2008).
The typical approach involves a classic inverse problem whereby attributes of the source
area are inferred retrodictively from the geological record. What is inevitably missed,
however, is the range of surface processes and dynamics that particles undergo between
source and sink. Considering that particles in transit carry an environmental signal of
their source area (Romans et al., 2016), this signal is liable to become obscured en route
by the intrusion of ’noise’, which we take to mean ’any modification of the primary
signal of interest’ (Romans et al., 2016, p. 7). Indeed, the ratio of signal to noise is
the chief limiting factor for accurately inferring source-area information—in addition to
the rudimentary understanding of how environmental signals are propagated through
sediment-routing systems over >105 year timescales (Romans et al., 2016).
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Modern sediment-routing systems provide the opportunity to track changes in the source-
area signal with distance downstream. Arid lowland regions, our focus here, offer insights
to the propagation of source-area signals in landscapes of low geomorphic activity. Shield
and platform terrain under aridity sustains some of the slowest known erosion rates (cf.
Table 2.6 and Portenga and Bierman, 2011). These low-relief landscapes are character-
ised by slow sediment production coupled with slow and intermittent sediment supply to
surrounding basins. The typically slow rate of crustal deformation means limited accom-
modation space, resulting in thin and discontinuous sedimentary records (Armitage et al.,
2011). Aridity imposes a strongly episodic character to the sediment-routing system. In-
frequent rainfall and stream discharge leads to lengthy and irregular intervals of sediment
storage in vast low-gradient river systems. It has been suggested that long hiatuses in
sediment transfer may increase the potential for diminishing the signal-to-noise ratio, but
this notion is yet to be tested comprehensively.
Terrestrial cosmogenic nuclides are produced by secondary cosmic rays interacting with
minerals in the upper few metres of Earth’s surface (Gosse and Phillips, 2001); hence
they are powerful tools for tracking particle trajectories in the sediment-routing system
(Nichols et al., 2002, Matmon et al., 2003b, Heimsath et al., 2005, Jungers et al., 2009,
Anderson, 2015). Radionuclides, such as 10Be and 26Al, are used widely to quantify
the erosional dynamics of landscapes on 103–106 yearr timescales (Lal, 1991, McKean
et al., 1993, Brown et al., 1995, Granger et al., 1996). However, the source-area signal
of interest is most often limited to identifying differential erosion rates across a range of
spatial scales. For instance, 10Be abundances in bedrock indicate a point-specific weath-
ering rate and in fluvial sediment 10Be is used to derive a spatially averaged catchment
erosion rate (Granger et al., 1996). Both approaches entail assumptions that frame how
the source-area signal is viewed. Bedrock erosion rate calculations assume steady long-
term exhumation (Lal, 1991), and catchment averaging assumes that the fluvial sediment
sample is a representative amalgam of particles generated across the entire catchment
(Brown et al., 1995, Bierman and Steig, 1996, Granger et al., 1996). Heterogeneity in the
sample may arise due to particles sourced disproportionately from i) faster eroding areas,
such as landslides, or ii) landforms that contain notably longer exposure histories, such
as ancient alluvium and aeolian dune fields—either case introduces noise that can bias
erosion rate calculations (Granger et al., 1996, Norton et al., 2010). A further key assump-
tion is that samples (including bedrock) have not experienced long-term burial. However,
in this case, the noise introduced by burial produces some interesting and exploitable
effects. By measuring a nuclide pair with differing radioactive decay rates (e.g.10Be–26Al)
the cumulative burial history can be explicitly tracked by the gradual deviation in the
initial production ratio of the two nuclides (Granger and Muzikar, 2001).
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Several studies apply this approach to understand how 10Be–26Al source-area signals
are modified during transit through the sediment-routing system and suggest two broad
limit cases: i) 10Be–26Al source-area signals remain largely unmodified from source to sink
(Clapp et al., 2000, 2001, 2002, Wittmann et al., 2011, Hippe et al., 2012, Wittmann et al.,
2016), or ii) 10Be–26Al source-area signals become significantly obscured with distance
downstream (Bierman et al., 2005, Kober et al., 2009, Hidy et al., 2014). Much remains
to be understood about the governing controls on the alteration or otherwise of the source-
area signal. The heavy emphasis to date has been with studies of sediment-routing systems
conveying a source-area signal specific to rapidly eroding mountain belts (Fig. 3.1A). It
seems likely that the transmission of source-area signals will differ across the much larger
proportion of Earth’s terrain that is low-relief, tectonically passive, and subject to much
lower rates of geomorphic activity (Fig. 3.1B).
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Low CN abundances
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Saturated/increasedCN abundances
Long-term shallow storage (105-106 yr)
Shallow storage (105 yr)
Short storage
Long-term deep and
shallow storage (105-106 yr)
Rapid transfer;
Unchanged CN abundances
Active uplift
High seismicity
High precipitation rates
Tectonic quiescence
Low seismicity
Low precipitation rates
Transfer rates unknown;
B
A Foreland fans
Figure 3.1: Two schematic limit cases of sediment-routing systems (modified after Ro-
mans et al., 2016) showing down-system trends from (A) high-relief, tectonically active
mountains with a humid climate and (B) low-relief, post-orogenic setting with arid cli-
mate. Blue script denotes relative rates of erosion and material transfer and their effects
on the cosmogenic nuclide inventory (Qs is sediment flux). Red script denotes relat-
ive burial depths (shallow <10 m, deep >10 m) and storage durations. Yellow shading
indicates significant sediment storage.
Here we focus upon the shield and platform landscapes that characterise much of the arid
interior of Australia, as well as large portions of other Gondwana segments such as Africa,
India, and South America. We measure abundances of cosmogenic 10Be and 26Al in fluvial
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sediment within rivers draining source areas for which we have established the 10Be–26Al
source-area signal from bedrock and hillslope systems (cf. Chapter 2), and we supple-
ment those with four thermoluminescence (TL) ages on floodplain sediments. Tracking
the source-area signal through three large sediment-routing systems via a nested set of
samples, we investigate 1) downstream variations in source-area 10Be–26Al inventories, 2)
the factors that modify the 10Be–26Al source-area signal, and 3) how changes in 10Be–26Al
inventories along the course of these streams affect erosion rate calculations. We conclude
by reflecting upon the implications of our findings for a source to sink understanding of
the tempo of change in arid shield-platform landscapes.
3.2 Sediment-routing and timescales of landscape evolution
in central Australia
Western tributaries of the Eyre Basin: the Finke, Macumba, and Neales rivers drain
>100,000 km2 of the arid continental interior (Fig. 3.2). Low post-orogenic ranges of early
Palaeozoic and Proterozoic rocks (Fig. 3.3A) and Cenozoic silcrete-duricrust tablelands
(Fig. 3.3B) serve as the major sources of sediment and runoff for the sediment-routing
systems. These traverse hundreds of kilometres of low-relief stony soil mantles (Fig. 3.3C),
alluvial plains, and aeolian dune fields before reaching the depositional sink, Lake Eyre
(Fig. 3.1B). The western Eyre Basin experiences mean temperatures of ∼20°C and mean
rainfall of ∼280–130 mm/yr with extreme interannual variation. Vegetation is sparse:
chenopod shrublands and tussock grasslands predominate in the south and mixed open
woodland and spinifex predominate in the north, reflecting the northward transition from
winter to summer rainfall dominance (Australian Bureau of Meteorology: http://www.
bom.gov.au/climate/). Significant flow in the western tributaries is generated mainly
by summer rainfall today (Kotwicki, 1986, Costelloe, 2011). Finke River flows have not
reached Lake Eyre in historical times (McMahon et al., 2008), but large floods along
the Neales have done so repeatedly in more recent years (Kotwicki, 1986, Kotwicki and
Isdale, 1991). Periodic high-magnitude flooding in Eyre Basin rivers triggered phases
of deposition and incision recorded in fluvial and lacustrine sediments over >300 k.y.
(Nanson et al., 1992, Croke et al., 1999, Nanson et al., 2008, Cohen et al., 2012, 2015).
10Be-derived erosion rates in the Eyre Basin are among the slowest known (Portenga and
Bierman, 2011). Rates are <5–10 m/m.y. for bedrock outcrops (cf. Table 2.6; Fujioka,
2007, Heimsath et al., 2010, Quigley et al., 2010) and 5–20 m/m.y. at the catchment-scale
(Bierman et al., 1998, Heimsath et al., 2010). The slow evolution of the central Australian
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Figure 3.2: A) Three study catchments in the western Eyre Basin, showing stream
sediment samples (downward-pointing triangles and squares), bedrock and hillslope
samples (upward-pointing white triangles), and thermoluminescence samples (yellow
circle). Finke: trunk stream (light blue) and tributaries (dark blue – this study, white
– Heimsath et al., 2010), Macumba (yellow). Neales: Neales subcatchment (dark red
triangles), Peake subcatchment (light red triangles), streams draining the Peake and
Denison Ranges (light red squares). Eyre Basin (inset: 1.1 million km2) boundaries
and outer catchment boundaries (bold black), subcatchment boundaries (white); rivers
(blue), towns (black dots), state border (dashed black line). B, C, D) Schematic sediment-
routing networks of the Finke, Macumba, and Neales, subdivided according to overall
terrain type.
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Figure 3.3: A) Typical strike ridges of steeply inclined strata of the MacDonnell Ranges
separated by sediment-mantled terrain, Finke River headwaters. B) Flat-topped, silcrete-
capped mesas of the Oodnadatta Tablelands, western headwaters of the Neales River
(note four-wheel-drive vehicle for scale). C) Gibber-covered palaeo-alluvial plains in the
lower Neales catchment, with distant mesas on the skyline (note persons for scale). Inset
shows desert-varnished surface silcrete pebbles.
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landscape is a function of low relief due to restricted tectonic uplift (Sandiford, 2002, San-
diford et al., 2009, Jansen et al., 2013) combined with intensified aridity since the Miocene
(Bowler, 1976, McGowran et al., 2004, Martin, 2006, Fujioka and Chappell, 2010). Ongo-
ing intra-plate tectonic deformation is driven by far-field compressive stresses (Sandiford
et al., 2004, Hillis et al., 2008, Waclawik et al., 2008, Sandiford and Quigley, 2009) together
with dynamic processes beneath the lithosphere, which have caused long-wavelength de-
formation on the order of hundreds of metres in vertical amplitude (Sandiford et al.,
2009). Clear evidence of rapid Neogene to modern uplift occurs on the southern fringe
of the Eyre Basin in the Flinders Ranges and at Billa Kalina (Callen and Benbow, 1995,
Sandiford et al., 2009, Quigley et al., 2010).
Chapter 2 comprehensively quantified soil residence times of ∼0.2–2 m.y. and possibly
longer at the top of the sediment-routing system from a comprehensive assessment of
10Be–26Al abundances in bedrock and soil-mantled source areas in the Eyre Basin. Long
residence times and slow hillslope evolution arise from the lack of fluvial incision associated
with widespread base-level stability and the long-lasting development of stony soil mantles,
also known as desert pavement (Mabbutt, 1977, Wells et al., 1995, Fujioka et al., 2005,
Matmon et al., 2009). Hillslope dynamics reflect ’top-down’ evolution (Montgomery,
2003) with slow rates of authigenic soil production and downslope transport resulting
in low connectivity with stream channels (Egholm et al., 2013). Inputs of aeolian dust
to soils since at least 0.2 m.y. and up to 1 m.y. or more lie stabilised beneath stony
soil mantles developed over the past ∼650 k.y. Nuclide abundances in these source-area
materials are naturally very high (cf. Table 2.2; Fujioka et al., 2005, Fisher et al., 2014),
but low 26Al/10Be ratios also suggest a complex history of either cyclic exposure-burial
and/or non-steady exhumation on these hillslopes over timescales of 105 to 106 years (cf.
Chapter 2).
We set out to test three potential sediment transfer scenarios: 1) 10Be–26Al inventories
remain unmodified downstream due to fast (105 years) sediment transfer and negligible
external input; 2) nuclide abundances increase downstream while 26Al/10Be ratios re-
main constant, which indicates long-term (105 years) near-surface particle trajectories,
or input from nuclide-rich, burial-free sediment sources; 3) nuclide abundances decrease
downstream, suggesting significant radioactive decay during slow sediment transfer with
lengthy burial intervals (Granger et al., 1996, Granger and Muzikar, 2001, Schaller et al.,
2004) or input from nuclide-poor, long-buried sources.
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3.3 Methods
We used 1 arc-second digital elevation data from the Shuttle Radar Topography Mission
(SRTM) to analyse elevation, slope, and mean relief of area upstream of each sediment
sample measured for 10Be–26Al (Table 3.1). Mean catchment relief was calculated via
smoothing with a circular kernel of 2.5 km radius. Precipitation data derive from gridded
(5 km) mean annual precipitation 1911–2000 (Australian Bureau of Meteorology: http:
//www.bom.gov.au/climate/). Analysis of surface geology is based on a digital 1:1 million
surface geology map of Australia (Raymond et al., 2012) and 1:250,000 map sheets for
additional details. Bedrock and depositional landforms were sorted into seven different
classes: exposed bedrock (no silcrete), exposed silcrete, colluvium cover, gibber cover
(desert pavement), aeolian cover, sand plains, and alluvium. Of this group, the first three
classes were assigned to the bedrock-hillslope domain and the latter four were assigned to
the sediment cover domain.
3.3.1 Cosmogenic nuclide analyses
We collected 29 samples of sandy bed material throughout the Finke (n = 11), Macumba
(n = 6), and Neales (n = 13) drainage networks (Fig. 3.2; Table 3.2; see Appendix A for
details on sampling locations)—in addition to 55 10Be and 26Al measurements from bed-
rock summits and soil mantles in the low-order subcatchments (cf. Chapter 2). Quartz
isolation and Be and Al extraction were conducted on the 250–500 µm size fraction of sed-
iment and crushed bedrock samples at the University of Wollongong and at the Australian
Nuclear Science and Technology Organisation using standard methods of HF/HNO3 (Kohl
and Nishiizumi, 1992), hot phosphoric acid (Mifsud et al., 2013), and ion chromatography
(Child et al., 2000). Be and Al isotope ratios were measured on the ANTARES and
SIRIUS accelerator mass spectrometers (AMSs) (Fink and Smith, 2007, Wilcken et al.,
2017) and normalised to standards KN-5-2 or KN-5-3 (Be) (Nishiizumi et al., 2007) and
KN-4-2 (Al) (Nishiizumi, 2004) (Table 3.2). Uncertainties for the final 10Be and 26Al
abundances (Table 3.2) include AMS measurement uncertainties, 2% (Be) and 3% (Al)
standard reproducibility, 1% uncertainty in the Be spike concentration, and 4% uncer-
tainty in the inductively coupled plasma optical emission spectroscopy (ICP-OES) Al
measurements, in quadrature (see Appendix C for details on sample processing and AMS
measurements). Erosion rates and apparent burial ages are calculated with CosmoCalc 3.0
(Vermeesch, 2007), using time-independent scaling (Stone, 2000) and production mech-
anisms based on Granger and Muzikar (2001) to give a sea-level high-latitude (SLHL)
spallation production rate for 10Be of 4.18 atoms g–1 yr–1 (Vermeesch, 2007) (see Ap-
pendix D for details). We assume a 10Be half-life of 1.387 ± 0.012 m.y. (Chmeleff et al.,
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2010, Korschinek et al., 2010), 26Al half-life of 0.705 ± 0.024 m.y. (Norris et al., 1983) and
26Al/10Be surface production ratio of 6.75 (Balco et al., 2008). Six samples (UHugh199,
UHugh299, UHugh399, UHugh499, Be122p, and Be123s; Table 3.2) were measured for
10Be at the Australian National University (ANU) Heavy Ion Accelerator Facility (Fifield
et al., 2010; see Table 3.2 for details).
3.3.2 Thermoluminescence dating
With the aim of gauging the burial age of floodplain sediments flanking some of our study
channels, we collected four samples for TL dating in the upper reaches of the Macumba
catchment (Fig. 3.2A): one from a borrow pit at 125 cm depth (TL2-125); the other three
(TL1-40, TL1-100, TL1-160) in a depth profile (40, 100, 160 cm depth) from a similar pit
close by (Table A1). All samples were analysed at the University of Wollongong following
Shepherd and Price (1990).
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3.4 Results
All catchments display low slope gradients overall ≤1–3°, although steeper slopes are
rather more common in the Finke (Table 3.1). Many catchments exhibit a substantial
proportion (>50%) of bedrock outcrop, especially in the northern Finke strike-ridge coun-
try, in the silcrete tablelands in the western Macumba and Neales, and in the Peake and
Denison Ranges in the lower Neales catchment. Elsewhere the landscape is draped with
a largely continuous cover of stony soil mantles, alluvial plains, and aeolian deposits in
varying proportions (Table 3.1). We use ’fraction of bedrock and colluvium’ in scatter
plots to represent the proportion of source-area terrain upstream of our stream samples
(Figs. 3.4 and 3.5)—in other words, the area producing the source-area signal that we
track downstream through the sediment-routing system.
3.4.1 10Be abundances in sediment
10Be abundances in stream sediment span 0.3 to 4.3 x 106 atoms g–1 and vary widely
among subcatchments (Table 3.2). Large drainage areas and down-system samples con-
sistently yield 10Be levels at the low end of the range, whereas smaller headwater streams
are more variable and tend to span the full range (Fig. 3.4A). Similarly, relatively low 10Be
levels generally follow areas with >100 m mean relief (almost exclusively within the Finke
catchment) and areas of lower relief yield a wide range (Fig. 3.4B). No relationship exists
between 10Be and fraction of bedrock and colluvium in the Finke and Macumba, but high
10Be among the five rocky headwaters of the Peake subcatchment decreases downstream
as sediment cover expands (Fig. 3.4C). These small streams draining the silcrete mesas of
the Peake (Fig. 3.2) yield the highest 10Be levels in stream sediment (Fig. 3.4). Conversely,
the lower Peake receives sediment from the locally steep Peake and Denison Ranges whose
small headwater streams yield some of the lowest 10Be in our dataset (Figs. 3.2 and 3.4).
The effect of such inputs is seen in the low 10Be from the lower Neales samples PEA8 and
NEA5 (Figs. 3.2 and 3.5H).
3.4.2 Modelled denudation rates and apparent burial ages in sediment
Overall 26Al/10Be ratios in sediment span 1.5–6.1, with the majority ∼3–5 (20 samples)
(Table 3.2). The Finke displays generally higher 26Al/10Be ratios (4.7–5.2, interquartile
range) relative to the Macumba and Neales (3.5–4.4). Deviation from the steady-state
erosion island is typically attributed to one or more episodes of burial-exposure, yet it
has been long understood that particle burial cannot be differentiated from non-steady
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Figure 3.4: 10Be abundances (normalised to sea-level high latitude) measured in stream
sediment relative to A) drainage area, B) mean relief, and C) fraction of exposed bedrock
and colluvium cover. Finke samples are blue and white triangles (light blue – trunk
stream; dark blue and white – tributaries), Macumba samples are yellow triangles, and
Neales samples are red triangles and squares (dark – Neales subcatchment, light – Peake
subcatchment, squares – Peake and Denison Ranges).
exhumation based on the 26Al/10Be ratio (Gosse and Phillips, 2001). Hence, we emphas-
ise that our modelled apparent burial ages (Table 3.4) serve primarily as a measure of
deviation from the steady-state erosion curve (Fig. 3.6). For most of our samples (n = 21)
deviations cluster between ∼400 and 800 k.y. and range up to ∼1.1 m.y. (Table 3.4). Low
deviations <400 k.y. are exclusively observed in small headwater streams (PIO, FIN1,
NEA4, NIL, PEA2), although deviations close to the erosion island are difficult to discrim-
inate due to the spread of uncertainties the erosion island itself does not accommodate
uncertainties in production rate.
Assuming that sediment samples have been continuously exposed at the surface, without
decay of nuclides due to burial, the 10Be abundances yield slow catchment-scale denud-
ation rates between 0.3 and 11.0 m/m.y. (Table 3.4). When corrected for the ’appar-
ent burial age’, as calculated above, denudation rates lower slightly to 0.2–8.1 m/m.y.
(Table 3.4).
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Figure 3.5: 10Be abundances of bedrock and stream sediment from the Finke (panels A,
B, C) showing trunk streams (light-blue triangles) and tributaries (dark-blue and white
triangles), and the Macumba (D, E, F) and Neales (G, H, I) rivers. The Neales data are
further subdivided into the subcatchments of Peake (light-red triangles), Neales (dark-red
triangles), and Peake and Denison Ranges (light-red squares). Panels A, D, and G show
10Be abundances in bedrock and hillslope soil as median (open circles) and full range
(black squares for MacDonnell Ranges and silcrete, and light-red squares for Peake and
Denison Ranges). Panels B, E, and H show 10Be abundances in stream sediment relative
to the distance along-stream from most downstream samples—note that we have reversed
the x axes in all panels to illustrate our data from source to sink, left to right. Arrows
indicate stream trajectories (sample labels corresponding to Tables: F1-5 are FIN1-5,
N1-5 are NEA1-5, and P1-8 are PEA1-8; H denotes samples from Heimsath et al., 2010).
Panels C, F, and I, show the fraction of exposed bedrock and colluvium cover. Note that
previously published data are included in panel A (Heimsath et al., 2010) and panels D
and G (Fujioka et al., 2005). All nuclide data are normalised to sea-level high latitude.
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Table 3.4: Basin-wide erosion rates and apparent burial ages.
Sample Surface erosion Apparent burial Surface erosion rate
ID rate(a,b) signal(c,d) accounted for
burial(c,d)
[m/m.y.] [k.y.] [m/m.y.]
FINKE catchment
PIO 7.46 ± 0.25 266+152−88 6.45
+0.80
−0.60
FIN1 8.41 ± 0.32 340+100−113 7.02
+1.33
−0.53
FIN2 7.14 ± 0.23 607+152−91 5.12
+0.60
−0.50
B123s 10.96 ± 1.19 – –
ELL 7.69 ± 0.31 465+154−103 5.97
+0.91
−0.65
FIN3 6.31 ± 0.21 475+152−94 4.85
+0.58
−0.47
PAL 5.47 ± 0.17 399+139−96 4.37
+0.54
−0.37
FIN4 5.54 ± 0.18 566+135−95 4.03
+0.51
−0.39
HUG 5.27 ± 0.17 685+149−94 3.59
+0.45
−0.34
FIN5 5.45 ± 0.17 743+139−89 3.59
+0.40
−0.32
S05/04(e) 5.52 ± 0.18 505+200−126 4.18
+0.64
−0.48
MACUMBA catchment
COO 1.28 ± 0.04 568+170−101 0.87
+0.13
−0.11
ALB3 1.59 ± 0.05 471+153−101 1.17
+0.18
−0.12
ALB2 1.66 ± 0.05 638+140−86 1.10
+0.14
−0.11
ALB1 1.95 ± 0.06 625+185−107 1.32
+0.18
−0.15
MAC 1.42 ± 0.04 1115+242−126 0.66
+0.13
−0.11
NEALES catchment
PEA-BR2 4.41 ± 0.15 28+115−14 4.34
+0.20
−0.37
PEA-BR4 1.23 ± 0.04 0+69−0 1.22
+0.05
−0.07
PEA1 0.60 ± 0.02 532+144−85 0.38
+0.06
−0.05
PEA2 0.33 ± 0.02 295+117−82 0.24
+0.05
−0.04
PEA4 0.31 ± 0.01 454+116−76 0.18
+0.04
−0.03
PEA5 0.50 ± 0.02 592+150−84 0.28
+0.05
−0.05
NEA1 2.07 ± 0.07 719+240−137 1.32
+0.24
−0.19
PEA6 0.52 ± 0.02 650+143−80 0.28
+0.05
−0.04
NEA2 3.55 ± 0.10 526+203−127 2.61
+0.40
−0.31
NIL 6.11 ± 0.26 30+5−10 6.16
+0.31
−0.21
PEA7 1.46 ± 0.05 758+159−94 0.88
+0.12
−0.10
NEA3 1.79 ± 0.05 934+161−89 0.98
+0.12
−0.11
NEA4 9.07 ± 0.25 188+123−63 8.13
+0.82
−0.62
PEA8 3.04 ± 0.09 542+137−89 2.20
+0.26
−0.20
NEA5 3.11 ± 0.09 633+134−87 2.13
+0.24
−0.19
a) Calculated from 10Be concentrations with the single-nuclide-erosion tool of CosmoCalc 3.0 (Vermeesch, 2007),
using the time-independent scaling scheme of Stone (2000) and production mechanisms based on Granger and
Muzikar (2001).
b) Uncertainties expressed at 1-σ level.
c) Calculated using the CosmoCalc 3.0 (Vermeesch, 2007) burial-erosion tool. The calculation assumes a simple
burial scenario, namely, one episode of erosion followed by one episode of burial. The calculation does not account
for post-burial re-exposure.
d) Uncertainties expressed at 1 standard deviation (i.e., 68th percentile).
e) Unpublished sample (Fujioka, pers. comm).
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3.5 Down-system variation in 10Be–26Al in the western Eyre
Basin
3.5.1 Lithology and the 10Be–26Al source-area signal
10Be levels measured in source-area bedrock and hillslope soil vary widely among our
three catchments, but broadly concur within each catchment (cf. Table 2.2) as shown for
comparison with samples from the stream network in Figure 3.5. Lithology is primarily
responsible for the wide variation in erosion rates measured on bedrock surfaces in the
western Eyre Basin in the order (from slowest to fastest): silcrete, quartzite, sandstone,
and conglomerate (cf. Chapter 2). Compiling bedrock erosion-rate data (n = 26) from
Fujioka (2007), Heimsath et al. (2010), and this thesis yields interquartile ranges of 0.2–
4.4 m/m.y. (n = 4) on silcrete mesas in the Oodnadatta Tablelands, 1.6–4.8 m/m.y. (n
= 15) on quartzite-sandstone ridges in the MacDonnell Ranges; 1.8–7.3 m/m.y. (n = 2)
on quartzite-sandstone in the Peake and Denison Ranges; and 6.7–6.8 m/m.y. (n = 5) on
conglomerate in the MacDonnell Ranges. These differences in source-area erosion rates
are also reflected in the 10Be levels measured in stream sediments downstream (Fig. 3.4A),
which translate to catchment erosion rates (interquartile ranges) of 4.1–5.8 m/m.y. in the
Finke, 0.9–1.2 m/m.y. in the Macumba, and 0.3–2.2 m/m.y. in the Neales. The western
headwaters of the Peake yield 0.2–0.4 m/m.y., which is among the slowest catchment-scale
erosion rates ever measured (Table 3.4).
Our bedrock samples overall have experienced a history of continuous surface exposure or
deviate slightly from the steady-state condition (Fig. 3.6A,C). The minor deviation from
the steady-state erosion curve (Fig. 3.6A) may be the result of non-steady exhumation—
termed ’two-speed exhumation’ (cf. Chapter 2). Considering the very low erosion rates
(<1 m/m.y.) we report for the western Eyre Basin, 26Al/10Be ratios will decrease (<6.75)
throughout the rock column owing to the faster decay of 26Al relative to 10Be. Un-
der these conditions a sudden pulse of erosion due to recent soil-stripping, for instance,
will cause surface sample 26Al/10Be ratios to deviate from the steady-state erosion curve
(Fig. 3.6). Two-speed exhumation provides a viable alternative to cyclic exposure-burial
that is usually invoked to account for low 26Al/10Be ratios (cf. Chapter 2).
3.5.2 10Be–26Al in the Finke sediment-routing system
The prominent strike ridges and hillslope soil mantles of the MacDonnell Ranges (Fig. 3.3A)
contain a wide range of abundances of 10Be ∼0.2–6.5 x 106 atoms g–1 (Fig. 3.5A), which
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appears to be driven by bedrock lithology (cf. Chapter 2). In some cases, small allu-
vial fans form intermediate storages of sediment prior to it entering the stream network,
but more commonly bedrock ridges feed sediment directly to low-order headwater streams
(Fig. 3.5B). High 10Be (1–5 x 106 atoms g–1) occurs in streams draining resistant quartzite
ridges, whereas streams from sandstone-siltstone ridges and low conglomerate hills yield
∼0.3–0.6 x 106 atoms g–1. From the headwaters, 10Be increases slightly over ∼300 km
downstream (Fig. 3.5B) to where the channel and floodplain system broadens to uncon-
fined alluvial plains and dune fields (at FIN4, Fig.3.2) and from here remains constant
downstream. This slight rise in 10Be downstream coincides with the shrinking fraction of
bedrock and colluvium (Fig. 3.5C) and rise in the extent of sediment cover.
The bedrock and soil samples contain a minor burial signal (<0.3 m.y.) (Fig. 3.7A),
which is transmitted to sediments of the headwater streams (Fig. 3.7B). Similar to the
down-system trends in 10Be, the burial signal increases downstream over ∼450 km then
remains constant (or decreases slightly) to the most downstream sample (Fig. 3.7B); the
apparent burial signal also shows a convincing negative correlation (R2 = 0.68) with the
fraction of bedrock and colluvium (Fig. 3.7C).
3.5.3 10Be–26Al in the Macumba-Neales sediment-routing system
The Macumba and Neales river catchments both drain the silcrete-mesa country of the
Oodnadatta Tablelands, which means that their sediment-routing systems share key
physiographic and lithological controls. We plot their stream sediment data separately in
Figures 3.5 and 3.7, but the bedrock and soil data (Figs. 3.5D,G and 3.7D,G) are treated
as regionally representative of the Oodnadatta Tablelands.
Silcrete duricrust forms a cap rock that is exceptionally resistant to weathering (cf.
Chapter 2) and hence the mesa surfaces tend to accumulate very high 10Be abundances.
Based on their work in the Negev, Boroda et al. (2014) propose that the erosion rate
of cap rock-mesas scales with their size and extent. Parallel slope retreat, with negli-
gible vertical erosion, predominates on wide tableland plateaus and with ongoing mesa
reduction the rate of vertical and horizontal erosion increases to a maximum at the tor
stage. Our four samples from silcrete mesas in the Neales and Macumba catchments are
intended to represent the full range of bedrock erosion rates (10Be abundances)—starting
with a slowly eroding broad plateau (TD-BR ∼5.2–7.7 x 106 atoms g–1, see Chapter 2 for
details) to a dissected mesa (PEA-BR4 ∼1.7 x 106 atoms g–1) and finally a tor (PEA-BR2
∼0.6 x 106 atoms g–1). The western headwaters of the Neales and Peake subcatchments
dissect the eastern edge of a continuous silcrete cap rock plateau (Fig. 3.2). Given that the
degree of mesa dissection increases in the down-system direction (west to east), according
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Figure 3.7: Apparent burial ages of bedrock and stream sediment from the Finke
(panels A, B, C) showing trunk streams (light-blue triangles) and tributaries (dark-blue
and white triangles), and the Macumba (D, E, F) and Neales (G, H, I) rivers. The Neales
data are further subdivided into the subcatchments of Peake (light-red triangles), Neales
(dark-red triangles), and the Peake and Denison Ranges (light-red squares). Panels A,
D, and G show apparent burial ages in bedrock and hillslope soil as median (open circles)
and full range (black squares for MacDonnell Ranges and silcrete, and light-red squares
for Peake and Denison Ranges). Panels B, E, and H show apparent burial ages in stream
sediment relative to the distance along-stream from most downstream samples—note
that we have reversed the x axes in all panels to illustrate our data from source to sink,
left to right. Arrows indicate stream trajectories (sample labels corresponding to Tables:
F1-5 are FIN1-5, N1-5 are NEA1-5, and P1-8 are PEA1-8). Panels C, F, and I show the
fraction of exposed bedrock and colluvium cover.
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to Boroda et al. (2014), we can predict that 10Be supply to the stream network decreases
downstream—and this is essentially what we find. Extremely high to rather low 10Be
content of mesa bedrock overlaps with data from hillslope soil mantles (Fig. 3.5G), and
the high 10Be accumulated on the flat, un-dissected silcrete plateau is transmitted into the
westernmost headwater streams of the Peake subcatchment (Fig. 3.5H). In contrast, the
far more dissected areas drained by the Neales and Macumba headwater streams yield re-
latively low 10Be (Fig. 3.5E,H). From the headwaters of the Peake 10Be decreases sharply
over ∼200–250 km to levels matching the Neales and Macumba streams (Fig. 3.5H), which
both show limited variation over ∼200 km downstream (Fig. 3.5E,H). These downstream
trends are broadly accompanied by the reduction in bedrock and expansion of sediment
cover (Fig. 3.5H). The Peake and Denison Ranges in the southeast corner of the Neales
catchment (Fig. 3.2) exerts an important effect on the sediment-routing system. Samples
from quartzite-sandstone bedrock together with soil (Fig. 3.5G) demonstrate that the
high relief and weaker lithology is driving erosion rates that are much faster relative to
the Oodnadatta Tablelands to the west. Stream sediments from these ranges enter the
lower reaches of the Peake and Neales rivers where they notably depress 10Be abundances
(Fig. 3.5H).
The burial signal measured in bedrock and hillslope soil mantles (<0.6 m.y.) is trans-
mitted into headwater streams with fairly similar (or slightly increased) apparent burial
ages (Fig. 3.7D,G). A potential source of low 26Al/10Be material is generated by fluvial
gully heads that undermine the cap rock, yielding deeply shielded (>3 m) material from
beneath the silcrete. The Macumba undergoes a notable increase in burial signal over
∼140 km downstream (Fig. 3.7E), whereas the Neales and Peake subcatchments show a
slight increase in burial over ∼200 km until this trend is disrupted by inputs from the
Peake and Denison Ranges (Fig. 3.7H). Both the Macumba and Neales networks show a
broad increase in burial signal relative to the fraction of sediment cover (Fig. 3.7F,I).
3.6 Factors that modify the 10Be–26Al source-area signal
Cosmogenic nuclide inventories in sediment can be modified in the sediment-routing sys-
tem via i) inputs from faster eroding areas or ii) particles with notably longer exposure
histories, including particles buried in transit. We have evidence of the first case in which
sediment yield from the faster-eroding Peake and Denison Ranges (Fig. 3.2) dilutes the
high 10Be and depresses the burial signal emanating from the Peake and Neales subcatch-
ments (Figs. 3.5 and 3.7). However, the main modification to the 10Be–26Al source-area
inventory appears to be the downstream increase in the burial signal (Fig. 3.7). This
modification indicates that samples downstream incorporate a growing fraction of particles
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derived from temporary storage. Such particles are likely to be a mix of those that have
acquired additional nuclides during near-surface (<1–2 m) exposure to secondary cosmic
rays plus those more deeply buried (i.e. >2–3 m). Only burial can slow down nuclide
production, but deep burial is not essential for lowering 26Al/10Be—even shallow burial
can cause deviation from the steady-state erosion curve over timescales on the same or-
der as the 26Al half-life of ∼0.7 m.y. (see Fig. 2.20). The correlation shown between
burial signal and increasing sediment cover (Figs. 3.7 and 3.8) is presumably the result of
samples assimilating input from storages with long exposure histories that include some
(possibly deep) burial. We identify four key sources for such material: i) alluvial fans,
ii) desert pavements, iii) floodplains and palaeo-alluvial plains, and iii) aeolian dunes.
Together these landforms span >50% of the total catchment area in the lower stream
reaches (Figs. 3.4 and 3.7; Table 3.1).
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Figure 3.8: Apparent burial ages calculated for stream sediment—using CosmoCalc
3.0 (Vermeesch, 2007)—relative to A) drainage area, B) mean relief, and C) fraction of
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Alluvial fans are intermediate storages at the transition from hillslopes to the fluvial
network; hence they may provide the first opportunity for alteration of the source-area
signal. Cosmogenic nuclide depth profiles measured in two typical fans of the upper
Finke yield depositional ages of 188–289 k.y. (cf. Fig. 2.14) and ∼438 to 1474 k.y.
(Fig. 3.9). If this is representative of alluvial fans in the region, then we can suggest that
alluvial fans play an important role in burial signal development for particles entering
headwater streams. Sometimes observed mantling older fans, desert pavement (gibber)
occurs throughout the sediment-routing system and nuclide-derived residence times of
105–106 years demonstrate its extreme longevity (cf. Table 2.6; Fujioka et al., 2005,
Fisher et al., 2014). Gibbers break off and disperse directly from bedrock outcrop, or
they form at the bedrock-soil interface and rise to the surface over time—a process that
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imparts very low 26Al/10Be ratios (cf. Chapter 2). Such gibbers released into streams,
together with the underlying aeolian soils held in long-term shallow burial, are likely to
impact the 10Be–26Al inventory wherever they impinge on channel networks.
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Figure 3.9: 10Be depth profiles of a fan in the Upper Hugh catchment from A) up-
per fan deposits (samples UHugh199, UHugh299) and B) lower fan deposits (samples
UHugh499, UHugh399, Be122p); all uncertainties are ±2σ. A1) Depth-variation in 10Be
abundance (diamonds), with model-generated exponential curves (grey) and the lowest
chi-squared fit (black dashes). A2) Age versus chi-squared plot for 10Be, with minimum
chi-squared age (dashed line). A3), A4), and A5) Smoothed chi-squared (black) and
Bayesian probability density (red) functions for depositional age, erosion rate, and 10Be
inheritance, respectively. All calculations follow Hidy et al. (2010, version 1.2), with full
model parameters given in Table 3.5.
The dynamics of sediment transport, temporary storage, and burial are not easy to gauge
through fluvial systems that are many hundreds of kilometres long and, in places, tens of
kilometres wide (Fig. 3.2). A few studies link the introduction of a burial signal in modern
stream sediment to the reworking of alluvial sediment storages. Kober et al. (2009) suggest
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Table 3.5: Parameters used for Monte Carlo modelling of fan deposition ages (Fig. 3.9).
Site-specific information Upper fan deposit Lower fan deposit
Latitude [°S] –23.8110 –23.8097
Longitude [°E] 133.1850 133.1921
Elevation [m a.s.l.] 789 765
Shielding
Topographic shielding 1 1
Cover 1 1
10Be and 26Al production rate
Spallation production rate [atoms g–1 yr–1] 5.37 5.27
Muonic production
Depth of muon fit [m] 5 5
Slow muon surface production [%] 0.135 0.134
Fast muon surface production [%] 0.101 0.100
Bulk material density
Minimum density [g cm–3] 1.5 1.5
Maximum density [g cm–3] 1.9 1.9
Monte Carlo parameters(a)
Chi2 value 2(b) 16(b)
Number of profiles 100000 100000
Min age [yr] 750000 500000
Max age [yr] 2250000 900000
Min erosion rate [cm/k.y.] 0 0
Max erosion rate [cm/k.y.] 1 1
Min total erosion threshold [cm] 0 0
Max total erosion threshold [cm] 50 50
Min inheritance [atoms/g] 0 0
Max inheritance [atoms/g] 1300000 450000
Neutrons (mean value) 160 160
Neutrons (standard deviation) 5 5
a) For detailed explanation of parameters see Hidy et al. (2010).
b) No solutions were found for lower chi2 values.
that in Rio Lluta, northern Chile, a downstream-increasing burial signal is potentially the
result of reworked fluvial terraces (or slope and mass-wasting deposits) up to 105 years
old. Similarly, Hidy et al. (2014) find that burial signals in streams on the coastal plain
of Texas stem from reworked pre- to mid-Pleistocene deposits. Bierman et al. (2005)
identify that reworking long-buried (300-500 k.y.) floodplain material produces a burial
signal in sediments of Rio Puerco on the Colorado Plateau. Wittmann et al. (2011) detect
Amazon floodplain burial signals in coarse (>500 µm) trunk-stream sediments sourced
from reworked storages up to ∼1.2 m.y. old. In central Australia, some useful guidance
to minimum burial duration can be drawn from luminescence ages measured on shallow-
buried fluvial sediments. Unlike 10Be–26Al data, which can yield a cumulative burial
signal, luminescence burial ages are reset by exposure to sunlight. Previously published
TL ages from channel alluvium indicate minimum storage terms of >200 k.y. in the lower
Chapter 3. Tracking 10Be–26Al signals – Sediment routing. 96
Neales (Croke et al., 1996) and >93 k.y. in the lower Finke (Nanson et al., 1995). Our
three TL ages (Table 3.3) from the Macumba River floodplain depth profile increase in
age with depth, although the lowermost sample (160 cm) is saturated and therefore may
be significantly older than the 120 ± 9 k.y. from 100 cm depth. Vertical accretion rates
at these two floodplain sites span roughly ∼8–54 mm/k.y. and are compatible with the
accretion rate of 64 ± 33 mm/k.y. (mean ± 1 σ) reported from Cooper Ck floodplain in
the eastern Eyre Basin (Jansen et al., 2013). Of the 278 luminescence ages measured in
Eyre Basin river sediments, mostly on Cooper Ck, one-third fall between 60 and 120 k.y.
(the oldest being 740 ± 55 k.y.). Given the climatic and physiographic similarities between
the eastern and western Eyre Basin, it seems reasonable to assume that minimum burial
durations of >105 years are representative of the Finke, Macumba, and Neales rivers. If a
single storage interval may span ∼105 years, then it is feasible that the cumulative effect
of many intervals of shallow burial will cause the 26Al/10Be ratio to deviate.
A similar argument applies to aeolian dune fields, which are major sediment storages
spanning ∼3 million km2 and up to 40% of the continent (Wasson et al., 1988, Hesse,
2010). All three catchments of the western Eyre Basin contain dunes in their lower reaches,
but the Finke and Macumba have the strongest interaction in their lower reaches fringing
the Simpson Desert (Fig. 3.2). 26Al/10Be burial ages suggest that dune accumulation
probably began up to 1 m.y. (Fujioka et al., 2009) and, as with alluvial sediments, we
infer minimum burial durations from luminescence dating. Based on a recent compilation
listing 95 luminescence ages from the Simpson Desert (Hesse, 2016), minimum burial
durations of >105 years are widespread—the oldest dune sample yields a minimum age
of 587 k.y. (Fujioka et al., 2009). In the hyper-arid Namib Desert, Bierman and Caffee
(2001) and Vermeesch et al. (2010) suggest that input of aeolian and/or reworked alluvium
are responsible for decreased 26Al/10Be ratios in modern sediments. Similar conclusions
are drawn by Davis et al. (2012) for the Nile.
3.7 The 10Be–26Al source-area signal in sediment-routing
systems—a synthesis
3.7.1 Lithology drives heterogeneities in the source-area signal
Our comparison of 10Be measured in bedrock outcrops and hillslope soil, with 10Be in
headwater streams is reiterating the well-known fact that source areas deliver highly
diverse 10Be–26Al inventories into stream networks, although the drivers of this diversity
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are less well understood. In rapidly eroding mountain belts, the wide disparity in source-
area erosion-rate (102–103 m/m.y.) is typically attributed to the effects of tectonism,
such as seismicity and landsliding (Armitage et al., 2011). However, in central Australian
streams, a comparable order-of-magnitude spread in source-area erosion rate (10–1–101
m/m.y.) is chiefly due to lithology. Our data show that while 10Be–26Al source-area
signals are modified downstream (Fig. 3.7), disparities in source-area erosion rates remain
highly resilient. Despite hundreds of kilometres (∼200–600 km) of sediment mixing from
source to sink, 10Be–26Al inventories in western Eyre Basin streams (>1 km2) retain a
distinct signal of their source-area lithology (interquartile ranges): 0.2–0.4 m/m.y. in the
upper Peake (silcrete), 0.9–1.2 m/m.y. in the Macumba (silcrete and granites), and 4.1–
5.8 m/m.y. in the Finke (quartzite-sandstone-conglomerate) (Fig. 3.4A; Table 3.4). This
is consistent with the fundamental role that lithology plays in differentiating the tempo
of erosion in all landscapes irrespective of their tectonic or climatic setting (Scharf et al.,
2013).
3.7.2 Are cosmogenic nuclide inventories reliable indicators of source-
area erosion rate?
Estimates of catchment-scale erosion rate from cosmogenic nuclide abundances in sed-
iment assume a high-fidelity relationship with the sediment source area (Bierman and
Nichols, 2004, von Blanckenburg, 2005, Granger and Riebe, 2007, Dunai, 2010). However,
as our data show, the down-system propagation of source-area signals tends to be scale
dependent: the widest spread of 10Be occurs among hillslope bedrock outcrops (Fig. 3.5)
from which the buffering effect of sediment transport downslope and downstream leads
to progressively more stable catchment-averaged signals of erosion rate or particle burial
(Wittmann and von Blanckenburg, 2016). This raises the question of under what circum-
stances can we expect 10Be–26Al inventories to yield an accurate picture of erosion in the
source area. In the western Eyre Basin, the downstream shift in 26Al/10Be ratio results in
erosion-rate disparities (i.e. the difference between upstream and downstream samples)
ranging from 2-fold (Finke and Macumba catchments) up to 12-fold (Neales catchment)
(Table 3.4). The validity of the assumption linking 10Be–26Al inventories to their source
area reflects a systematic set of geomorphic conditions that requires consideration for
reliable erosion rates to be obtained.
Source-area 10Be–26Al inventories are largely unmodified in stream sediments traversing
foreland basins fed by tectonically active mountain belts, such as the Andes (Wittmann
et al., 2009, 2011), the Alps (Wittmann et al., 2016), and the Himalayas (Lupker et al.,
2012; although no 26Al data are available here). Intermediate storage seems to have no
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appreciable effect on the low-10Be source-area signal conveyed along these large perennial,
lowland rivers. Their sediment-routing systems are characterised by braiding channels
leading on to anabranching and laterally-active meandering river styles—all indicative of
high-discharge rivers optimised for sediment transfer. Frequent channel avulsion and fast
lateral-migration rates bring channels into contact with older floodplain materials, but
highly efficient reworking ensures a restricted age spread of sediments within the channel
belt and ongoing basin subsidence drives long-term sequestration into a rapidly thickening
sediment pile (Allen, 2008, Armitage et al., 2011). In some cases, basin inversion may
ultimately lead to recycling of older sediment storages back into the sediment-routing
system, as shown in the upper Yellow River where reworked Neogene basin fills alter the
10Be–26Al source-area signal downstream (Hu et al., 2011). From these examples, we
can infer some key points favouring preservation of source-area signals: i) high sediment
supply rates and therefore a channel-floodplain system configured for high sediment flux,
ii) high mean runoff from headwaters, and iii) a thick sedimentary basin pile without older
basin sediments exposed in the proximal floodplain or terraces.
The alternative limit case, in which the 10Be–26Al source-area signal is modified down-
stream, follows distinctly different geomorphic conditions, summarised as i) low sediment
supply, and ii) juxtaposition of sediment storages with notably different exposure histor-
ies. Slow rates of source-area erosion (<20 m/m.y.) typical of low-relief post-orogenic
and shield-platform terrain (this thesis, Bierman et al., 2005, Hidy et al., 2014) produce
down-system basin fills that are thin and discontinuous. In the absence of subsidence
creating accommodation space, there are juxtaposed sediment storages of widely differing
age—and a high prospect of their admixture with the sediment-routing system (Kober
et al., 2009, Davis et al., 2012, Hidy et al., 2014). Especially in dryland river systems,
atmospheric inputs are typically part of a long-term history of fluvial-aeolian mass ex-
change (Bierman and Caffee, 2001, Bierman et al., 2005, Vermeesch et al., 2010, Davis
et al., 2012). As described above, aeolian dune fields can host particles with notably
longer exposure histories and burial timescales >1 m.y. (Fujioka et al., 2009, Vermeesch
et al., 2010), and there is much observational evidence of fluvial-aeolian interactions in
the western Eyre Basin.
3.8 Conclusions
We have tracked downstream variations in 10Be–26Al inventories through three large
sediment-routing systems (∼100,000 km2) in central Australia by comparing 56 cosmo-
genic 10Be and 26Al measurements in stream sediments with matching data (n = 55) from
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bedrock and soil mantles in the headwaters (cf. Chapter 2.2). Our summary conclusions
are as follows.
1) Lithology is the primary determinant of erosion rate variations among bedrock out-
crops in the order silcrete, quartzite, sandstone, conglomerate (from slowest to fastest
erosion rate). Our regional compilation of bedrock erosion-rate data yields interquartile
ranges of 0.2–4.4 m/m.y. on silcrete mesas in the Oodnadatta Tablelands, 1.6–4.8 m/m.y.
on quartzite-sandstone ridges in the MacDonnell Ranges, 1.8–7.3 m/m.y. on quartzite-
sandstone in the Peake and Denison Ranges, and 6.7–6.8 m/m.y. on conglomerate in the
MacDonnell Ranges. Although 10Be–26Al inventories are modified by sediment mixing
over hundreds of kilometres downstream, they still retain a distinct signal of source-area
lithology. Sediment-derived catchment-averaged erosion rates (interquartile ranges) are
4.1–5.8 m/m.y. for the Finke, 0.9–1.2 m/m.y. for the Macumba, and 0.3–2.2 m/m.y. for
the Neales. The western headwaters of the Peake River (a subcatchment of the Neales
River) yield 0.2–0.4 m/m.y., which is among the slowest catchment-scale erosion rates
ever measured (Table 3.4).
2) 10Be–26Al inventories measured in stream-sediment samples from the Finke, Macumba,
and Neales rivers all show overall downstream-increasing deviation from the steady-state
erosion curve. These deviations correspond to minimum cumulative burial terms mostly
between ∼400 and 800 k.y. (and up to ∼1.1 m.y.). The magnitude of the burial signal
correlates with increasing sediment cover downstream (Figs. 3.7 and 3.8) and presumably
results from assimilation of shallow-buried sediments from storages with long exposure
histories, such as alluvial fans, desert pavements, floodplains and palaeo-alluvial plains,
and aeolian dunes. In the lower reaches of the Peake and Neales rivers, the downstream-
increasing burial signal is disrupted by inputs from faster-eroding landscapes in the Peake
and Denison Ranges.
3) Downstream variations in 10Be–26Al inventories weaken the fidelity of the relationship
between source areas and catchment-averaged erosion-rate estimates from samples along
large alluvial rivers. Based on our review of case studies that track 10Be–26Al source-area
signals downstream, we detect a set of behavioural trends under differing geomorphic
settings. Preservation of source-area signals downstream is favoured by i) high sediment
supply rates, ii) high mean runoff from headwaters, and iii) a thick sedimentary basin pile
without older basin sediments exposed in the proximal floodplain. Conversely, source-
area signals are more likely to be modified downstream in landscapes with i) low sediment
supply and ii) juxtaposition of sediment storages with notably different exposure histories,
such as aeolian dune fields. Such modifications can have a significant impact on erosion
rate estimates. In desert ephemeral rivers of the western Eyre Basin, the downstream
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shift in 26Al/10Be ratio results in erosion-rate disparities ranging from 2-fold in the Finke
and Macumba rivers, and up to 12-fold in the Neales River (Table 3.4).
Chapter 4
Synthesis
4.1 Behaviour of the central Australian sediment conveyor
In this thesis analyses of cosmogenic nuclides (CNs) 10Be and 26Al were used to assess
and link sediment transport dynamics in different zones of central Australian sediment
conveyor systems, in an attempt to trace the source-area signal. Investigating bedrock
erosion, soil production, hillslope transport, transient storage, and the sediment routing
system of the western Eyre Basin’s Finke, Macumba, and Neales catchments yielded
following conclusions:
(1) Exposed bedrock in the western Eyre Basin erodes at ∼0.2–7 m/m.y. and under soil
at <0.1 m/m.y. to ∼10 m/m.y. with rates decreasing with rock-type strength in
the following order: conglomerate, sandstone, quartzite, silcrete. The magnitudes of
these source-area erosion rates are reflected in basin-wide denudation rates determined
from stream sediment up to several hundred kilometres downstream. Basin-wide
denudation rates of 0.9–1.2 m/m.y. and 0.3–2.2 m/m.y. (interquartile ranges) in
the Macumba and Neales catchments, respectively, reflect silcrete erosion rates of
0.2–4.4 m/m.y. in their headwaters, whereas basin-wide denudation rates of 4.1–5.8
m/m.y. within Finke catchments reflect erosion rates of quartzite-sandstone (1.6–4.8
m/m.y.) and conglomerate (6.7–6.8 m/m.y.) occurring in the Western MacDonnell
Ranges. However, downstream shifts in basin-wide denudation rates of 2-fold (Finke,
Macumba) and 12-fold (Neales) demonstrate modification of the source signals.
(2) X-ray diffraction analyses reveal that soil mantles originate from authigenic soil pro-
duction and allochtonous aeolian dust sources. Based on the Monte-Carlo inversion
modelling (MC4), dust contribution occurred since ∼0.2–1 m.y., which is in line with
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previous findings of intensified aeolian activity since ∼350 k.y. (Hesse, 1994) and
dating of aeolian dust mantles (∼1 m.y.; Fujioka et al., 2009, Fisher et al., 2014). The
dust contribution can be substantial as observed at the Mt Margaret site in the Peake
and Denison Ranges.
(3) Analyses of CN inventories in soil surface particles suggest a dynamic history of
stony hillslope soils on 105–106 year timescales. The CN inventories, which are com-
monly characterised by low 26Al/10Be ratios, indicate non-steady exhumation histor-
ies. Erosion rates of <1–2 m/m.y. led to a decrease of 26Al/10Be ratios within the
bedrock column due to radioactive decay of 26Al. The MC4 and soil stripping models
suggest that suddenly accelerated exhumation of particles – fast upward migration
through overlying soil or soil stripping, respectively – then caused samples to fall to
the left of the erosion island on the two-nuclide diagram (cf. Fig. 2.20A). Samples
plotting in this zone are traditionally interpreted to reflect complex exposure-burial,
and although this option cannot be disregarded, it is just one other potential explan-
ation apart from accelerated exhumation.
The MC4 model suggests that particles may spend 2–6 m.y. in the upper 0.6 m
of the bedrock column, before spending another 0.2–2 m.y. within the subsurface
of hillslope soils. This would then have been followed by surface stability since less
than 650 k.y.—a duration much shorter than the 2–4 m.y. of stability that have been
previously suggested (Fujioka et al., 2005, Matmon et al., 2009). Modelling of cyclic
exposure-burial or recent soil stripping suggests potentially volatile cover over 105–106
year timescales.
(4) The common transition from weathering-limited bedrock summits to transport-limited,
soil-mantled slopes – except for parts of the Peake and Denison Ranges where it is
vice versa – signifies that authigenic soil production outpaces downslope transport
rates. Together with slow hillslope evolution and the transition to sediment-laden
channels, this suggests that authigenic soil production and transport processes dom-
inate hillslopes instead of hillslope response to local base-level lowering. The speed
of this distinctive ’top-down’ evolution is determined by bedrock erosion rates, while
slow transport processes sustain the connection to the channels. Slope wash is the
dominant process, and is indicated by downslope-fining of surface clasts at Pioneer
and concentration of fine sediments in distal sections of the Pioneer and Coongra hill-
slopes. Slope-wash transport occurs on 105–106 year timescales with rates of ∼0.7–0.8
m/m.y. – derived from downslope-increasing CN abundances at Pioneer – which con-
firms the slow hillslope evolution. Soil creep as the second major transport process
appears to be induced by shrink-swell processes that have been sparked by aeolian
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dust input and express themselves as gilgai features. Soil creep is the dominant pro-
cess on hillslopes that evolve as a response to base-level lowering (Mt Margaret) and
is in fact most pronounced here.
(5) CN-derived apparent burial ages of bedrock and hillslopes soils (<500 k.y.) – an
indicator for the deviation from steady-state erosion conditions – overlap with the
ones obtained from headwater stream sediments, thereby reflecting the burial signal
propagation from hillslopes into the fluvial network. Besides the burial-bearing surface
gibbers and underlying aeolian soils that have been stored on hillslopes for 105–106
year timescales (Fujioka et al., 2005, Fisher et al., 2014), also alluvial fans – deposited
between ∼200 k.y. and possibly up to ∼1.5 m.y. – at the transition from hillslopes
to the fluvial network, likely impact burial signal development.
(6) The linear correlation between apparent burial ages and increasing sediment cover
indicates the incorporation of a growing fraction of particles derived from long-term
temporary storage, such as alluvial fans (storage duration: up to ∼1.5(?) m.y.), desert
pavements (up to ∼4 m.y.; Fujioka et al., 2005), floodplains and palaeo-alluvial plains
(commonly ∼100 k.y.; OSL/TL-derived), and aeolian dunes (up to ∼1 m.y.; Fujioka
et al., 2009). Because sediment storage is generally increasing downstream within
the three catchments, the burial signal likewise amplifies along most stream sections.
Minimum cumulative burial ages range mostly between 400 and 800 k.y. (and up to
∼1.1 m.y.), therefore being significantly larger than for hillslope soils.
(7) Along central Australian conveyor systems, low sediment supply, discontinuous sed-
iment flux, and abundant sediment storages with long exposure histories lead to
modification of source-area signals. Reviewing studies which investigate 26Al/10Be
ratios downstream, confirms that the likelihood of source-area signal modification is
generally high in regions experiencing similar conditions. Conversely, regions with
high sediment supply rates, high and continuous headwater runoff, and lacking old
sediment deposits in the proximal floodplain, favour downstream source-area signal
preservation.
4.2 Global implications
The findings of this thesis largely expand the knowledge about geomorphology in arid,
low-gradient, and post-orogenic landscapes in general, and with regard to the application
of CNs in particular. Processes which drive landscape evolution in these regions are indeed
very different and occur on much longer timescales than in their tectonically active and
steep counterparts.
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The thesis shows that sediment transfer in low-gradient landscapes can occur on 105–106
year timescales and possibly beyond. As base-level lowering is often less pronounced in
these landscapes or even appears to be absent in some cases, hillslopes are not responding
quickly or at all. Instead, ’top-down’ evolution may take over with bedrock erosion rates
as slow as 10–1 m/m.y. and slow soil-transfer processes such as soil creep and slope wash.
Low-gradients further result in low transport capacities of the adjacent channel network –
especially in arid regions where water as a transport agent is rare – causing sediments to
reside within the routing network for extended periods of time. These slow processes and
long transfer durations have strong implications on the contribution of flat landscapes to
sediment flux to the oceans and need to be further investigated.
The thesis also clearly demonstrates that inferring source-area information from CN in-
ventories obtained from sediment deposits is not straightforward in every geomorphic
setting. False assumptions made about sediment production conditions in the source area
and sediment routing through the transfer zone can lead to misinterpretation of informa-
tion obtained from sedimentary sinks. In slowly-evolving post-orogenic settings, complex
exhumation and potentially even burial scenarios need to be considered in the erosion
zone, especially where soil cover comes into play. These scenarios may be capable to
cause significant deviation from commonly assumed steady-state exhumation conditions
right at the start of the conveyor system. Further along the channel network, modifica-
tion of the already complex signal may occur through transient storage and incorporation
of sediment from external sources. Regarding CN investigations, not acknowledging this
multitude of potential modifications by only interpreting sink information may lead to mis-
constructions of source and system dynamics. It is therefore vital to investigate sediment
conveyor systems as a whole wherever possible, in order to correctly interpret information
obtained from sedimentary sinks.
4.3 Importance to Australian landscape evolution
The thesis investigates natural sediment dynamics in a landscape characterised by low
relief, ancient mountain ranges, silcrete duricrusts, vast dune fields and desert pavements,
low rainfall rates, and highly ephemeral streams. Such a setting is rather unique to the
Australian continent. Although low-gradient regions, post-orogenic settings, and semi-
arid zones are common around the globe, the combination of those three can rarely be
found. Therefore, despite all the implications this thesis has on regions where one or more
of the above mentioned characteristics are met, its findings are especially important to
the understanding of landscape evolution in most of Australia’s interior.
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4.4 Limitations
(1) A comparatively large set of 26Al and 10Be data distributed across a large area was
investigated in this thesis. However, sampling and sample measurement were subject
to some restrictions. Time constraints during field work due to funding limitations
– revisiting of sites would also have been too costly – demanded careful sampling
decisions. Together with those time constraints, limited site access, especially in the
Macumba catchment (cf. Fig. 1.8), prevented the collection of more evenly distributed
stream sediment and bedrock samples. One result of the access limitation is that the
significant increase of apparent burial ages downstream and with increasing sediment
cover in the Macumba catchment depends on only one sample (MAC). No other,
potentially trend-confirming sample could be collected within 150 km upstream of
sample MAC and removal of this sample would result in no trend at all.
Funding limitations also prevented the measurement of additional slope samples, es-
pecially at Coongra. Although the four existing samples show consistently high and
overlapping CN concentrations, additional data points along this ∼3 km long slope
might have provided more insights.
Although the selection of hillslope sites was likewise subject to accessibility con-
straints, the investigated sites are good representatives of slope types in the respective
regions. However, the evolution of cosmogenic nuclide abundances along these slopes
might be an exception within each region, regardless. Only the investigation of several
slopes could elucidate this.
(2) Over 106 year timescales, changing environmental conditions might have significantly
affected landscape evolution processes in the western Eyre Basin, which cannot be
identified with CNs. The somewhat wetter climate might have supported denser ve-
getation and larger faunal communities, which in turn might have made bioturbation
a more important process for sediment dynamics on hillslopes. Transport capacities
of rivers would have likely been higher and annual flow durations longer compared
to the current situation, potentially allowing for more frequent channel avulsion and
therefore likely more pronounced reworking of different kinds of sediment deposits
(e.g. floodplain, gibber, and aeolian deposits).
(3) The Monte-Carlo inversion modelling (MC4), developed to investigate gibber exhuma-
tion dynamics, was introduced after sample collection and measurements had already
been completed. This limited access of the model to the existing results, whereas a
dataset tailored to the model requirements could have contributed to a more robust
outcome. Especially access to more depth profile samples would have been beneficial
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to narrow down parameters like timing of gibber detachment (Tp) or soil thickness
(Rt). Furthermore, the model assumes steady-state erosion and is only capable of
constraining maximum erosion rates. Minimum erosion rates cannot be constrained
as zero erosion falls within the acceptance criteria.
4.5 Recommendations
As demonstrated in this thesis, the application of cosmogenic nuclides 10Be and 26Al is a
useful tool to investigate source-area signal development and modification within different
sections of slow sediment conveyor systems. However, the application of these two nuclides
is limited to landscape evolution time frames determined by their half-lives (∼0.7 m.y.
– 26Al, ∼1.4 m.y. – 10Be). As discussed in Section 4.4 for example, samples from the
Coongra hillslope are nearly saturated with 10Be and 26Al, indicating slope stability. In
such cases, measurement of the stable isotope 21Ne can provide insights on landscape
evolution processes occurring on even longer timescales. Together with 10Be, steady-
state, non-steady-state, and intermittent burial conditions can be identified on timescales
beyond the capability of the 10Be–26Al nuclide pair (e.g. Fujioka et al., 2005). At the
other end of the scale, where decay rates of 10Be and 26Al are too slow to resolve certain
processes of fast sediment conveyors (e.g. short-term burial), 14C concentrations can be
measured instead of 26Al (e.g. Wittmann and von Blanckenburg, 2009, Hippe et al.,
2012). 14C’s short half-life (∼5.7 k.y.) in combination with comparatively stable 10Be,
for example, would allow to detect complex exhumation dynamics and burial durations
occurring on timescales as slow as a few k.y.
The Monte Carlo-based inversion model presented in this thesis is limited by the avail-
ability of 10Be and 26Al results that have been obtained before the model was developed.
In order to develop a more robust model for the investigation of complex exhumation
dynamics in potential future work, data collection needs to be specifically tailored to the
requirements of the model. Measurement of paired samples from the soil base and from
the surface (and even in between where possible) could narrow down the actual bedrock
erosion rate and the timing of gibber detachment.
Apart from utilising different nuclides for the investigation of sediment conveyor dynamics,
similar post-orogenic landscapes could be investigated with the same approach that has
been used in this thesis in order to verify the general applicability of the findings in such
landscapes.
This thesis demonstrates the significant impact that the incorporation of sediment along
the routing system has on the source signal. However, it is unable to distinguish the
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origins of sediment that modifies the 10Be–26Al signal downstream. Therefore, further
CN investigations are needed on the four main depositional landforms occurring along
the sediment routing system. Assessing their CN inventories could provide clues on the
magnitude of influence they have on modern stream sediments.
Appendix A
Sampling sites
This appendix describes bedrock, depth sampling, and stream sediment sampling loca-
tions of the Finke, Macumba and Neales catchments. The investigated hillslopes are not
described in detail here as this is done in Chapter 2. Sediment was exclusively collected
from dry alluvial channels and descriptions emphasise on detailed location information,
further channel and floodplain characteristics, and general sediment characteristics. Field
photographs support these descriptions for each location.
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A.1 Finke catchment
A.1.1 Site descriptions
For site photographs see Section A.1.2.
Table A.1: Finke catchment site descriptions.
Sample ID Latitude Longitude Elevation Site description
[°S] [°E] [m]
Bedrock
PIO-BR –23.7123 132.7871 715 Sub-vertical Neoproterozoic Arumbera Sandstone
slabs at the top of Pioneer hillslope transect.
Subsurface
PIO-DP –23.7112 132.7867 703 >3 m deep depth profile in clast-supported colluvium
overlying the fine-grained carbonaceous Neoprotero-
zoic Julie Formation.
Sediment
PIO –23.6765 132.7141 649 Pioneer Creek in the Western MacDonnell Ranges
∼500 m upstream of confluence with Ormiston Creek.
Channel width is ∼100-150 m. Muddy-silty banks up
to ∼1.5 m high. Gravel-dominated stream bed with
very little sand.
FIN1 –23.6790 132.6717 625 Finke River in the Western MacDonnell Ranges ∼2 km
upstream of Glen Helen Gorge ∼2 km downstream of
Davenport-Ormiston Creek confluence. Channel and
floodplain widths are ∼80 m and ∼150 m. Low silty-
sandy banks ∼0.5 m high. Gravel-dominated stream
bed with little sand.
FIN2 –23.9514 132.7741 568 Finke River at Hermannsburg (Missionary Plain) be-
fore entering the Krichauff Ranges. Channel and
floodplain widths are ∼130 m and ∼500 m. Silty-
sandy banks up to ∼1 m high. Sand-dominated stream
bed with occasional gravels.
ELL –24.0874 132.8390 526 Ellery Creek ∼1 km upstream of confluence with Finke
River. Channel and floodplain widths are ∼30 m and
∼160 m. Deep gorge cut into Krichauff Range sand-
stone. Sand-dominated stream bed with gravel bars.
No photograph.
FIN3 –24.5529 133.2384 420 Finke River at Stuart Highway. Occasional dunes
alongside the channel. Channel and floodplain widths
are ∼40 m and ∼250 m. Muddy-silty banks up to ∼1.5
m high. Sand-dominated stream bed with occasional
gravels.
PAL –24.7504 133.1867 414 Palmer River at Stuart Highway. Dry alluvial channel.
Dunes alongside the channel. Channel and floodplain
widths are ∼150 m and ∼800 m. Silty banks up to ∼2
m high. Stream bed is dominated by fine sand.
FIN4 –24.9299 133.6402 356 Finke River at the Ghan railway line. Dunes are com-
mon along the channel. Channel and floodplain widths
are ∼150 m and ∼350 m. Muddy-silty banks up to ∼3
m high. Stream bed is dominated by fine sand.
HUG –24.6778 134.0600 365 Hugh River at Titjikala/Maryvale settlement. Oc-
casional dunes alongside the channel. Channel and
floodplain widths are ∼80 m and ∼300 m. Muddy-
silty banks up to ∼2 m high. Stream bed is dominated
by fine sand.
FIN5 –25.2173 134.2416 287 Finke River at Horseshoe Bend. Stream crosses dune-
fields of the Simpson Desert. Channel and floodplain
widths are ∼150 m and ∼400 m. Stream bed is dom-
inated by fine sand.
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A.1.2 Site photographs
For site descriptions see Table A.1.
Figure A.1: PIO-BR bedrock sampling site.
Figure A.2: PIO-DP depth profile sampling site.
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Figure A.3: PIO sediment sampling site - view upstream.
Figure A.4: FIN1 sediment sampling site - view downstream.
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Figure A.5: FIN2 sediment sampling site - view downstream.
Figure A.6: FIN3 sediment sampling site - view downstream.
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Figure A.7: PAL sediment sampling site - view downstream.
Figure A.8: FIN4 sediment sampling site - view downstream.
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Figure A.9: HUG sediment sampling site - view upstream.
Figure A.10: FIN5 sediment sampling site - view downstream.
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A.2 Macumba catchment
A.2.1 Site descriptions
For site photographs see Section A.2.2.
Table A.2: Macumba catchment site descriptions.
Sample ID Latitude Longitude Elevation Site description
[°S] [°E] [m]
Bedrock
TD-BR –27.1799 134.3946 275 Bedrock at the top of Coongra hillslope transect. Dis-
integrated exfoliated silcrete cap rock.
Subsurface
TL1 –27.1730 134.3550 225 ∼2 m deep pit in floodplain deposits ∼2 km up-
stream from the bottom of Coongra hillslope transect.
Blocky silty material under fine-gravel gibber pave-
ment. Sampled for thermoluminescence dating at 40
cm, 100 cm, and 160 cm depth.
TL2 –27.1683 134.3703 224 ∼1.5 m deep pit in blocky silty material overlain
by coarse-gravel gibber pavement belonging to the
sampled Coongra hillslope. ∼800 m west of Coon-
gra transect. Sand lens at ∼125 cm depth sampled for
thermoluminescence dating.
Sediment
COO –27.1625 134.3756 219 Anabranching Coongra Creek at the bottom of Coon-
gra hillslope transect. Tributary to Alberga River.
Channel and floodplain widths are ∼60 m and ∼2 km.
Smooth transition from stream bed to banks. Gravel-
dominated stream bed with little sand and vegetated
with patches of grass and occasionally trees.
ALB3 –27.1299 134.3893 216 Anabranching tributary to Alberga River ∼3 km up-
stream of confluence with Coongra Creek. Channel
and floodplain widths are ∼15 m and ∼1 km. Muddy-
silty banks <1 m high. Gravelly-sandy stream bed.
ALB2 –27.1309 134.4346 211 Anabranching tributary to Alberga River ∼1.5 km
downstream of confluence with Coongra Creek. Chan-
nel and floodplain widths are ∼20 m and ∼1 km.
Muddy-silty banks up to ∼2 m high. Gravelly-sandy
stream bed.
OLA –27.1642 134.6212 193 Anabranching Olaringa Creek ∼500 m upstream of
confluence with Alberga River. Channel and flood-
plain widths are ∼10 m and ∼400 m. Muddy-silty
banks up to ∼1.5 m high. Gravelly-sandy stream bed.
ALB1 –27.1538 134.7537 184 Anabranching Alberga River at Todmorden
Homestead. Channel and floodplain widths are
∼20 m and ∼2.5 km. Muddy-silty banks up to ∼2 m
high. Sand-dominated stream bed.
MAC –27.1973 135.7161 94 Anabranching Macumba River. Channel and flood-
plain widths are ∼20 m and ∼2.5 km. Sand-dominated
stream bed. Muddy-silty banks ∼1 m high. Sand-
dominated stream bed.
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A.2.2 Site photographs
For site descriptions see Table A.2.
Figure A.11: TD-BR bedrock sampling site – view downslope.
Figure A.12: TL1 thermoluminescence sampling site.
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Figure A.13: TL2 thermoluminescence sampling site.
Figure A.14: COO sediment sampling site – view downstream.
Appendix A. Sampling sites 118
Figure A.15: ALB3 sediment sampling site – view downstream.
Figure A.16: ALB2 sediment sampling site – view downstream.
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Figure A.17: OLA sediment sampling site – view upstream.
Figure A.18: ALB1 sediment sampling site – view upstream.
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Figure A.19: MAC sediment sampling site – view upstream.
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A.3 Neales catchment
For site photographs see Section A.3.2.
A.3.1 Site descriptions
Table A.3: Neales catchment site descriptions.
Sample ID Latitude Longitude Elevation Site description
[°S] [°E] [m]
Bedrock
PEA-BR2 –27.9604 134.2000 252 ∼1.5 m high bedrock tor in the silcrete tableland-
dominated headwaters of the Peake subcatchment.
PEA-BR3 –27.9454 134.3922 255 Mesa-capping varnished silcrete bedrock in the Peake
subcatchment.
PEA-BR4 –28.1990 134.7759 219 Varnished silcrete bedrock cap of a mesa belonging to
the Mirackina Palaeochannel (McNally and Wilson,
1995) in the Peake subcatchment.
NIL-BR1 –28.4789 136.0159 391 ∼1.5 m high Mt Margaret quartzite tor cropping out
along the Mt Margaret slope transect. Representat-
ive for occasional tors occurring on the flanks of the
Mt Margaret Plateau. Blocky weathered and partially
varnished.
NIL-BR2 –28.4790 136.0155 380 Mt Margaret Quartzite exposed in bedrock-floored
gully draining slopes of the Mt Margaret Plateau.
Marks the bottom of the Mt Margaret slope transect.
Blocky weathered.
Subsurface
NIL-TOP –28.4798 136.0178 406 ∼70 cm deep pit on top of Mt Margaret Plateau. ∼200
m from hillslope transect. Blocky silty material under
coarse-gravel gibber pavement. Sampled for grain size,
thermoluminescence dating, and CN analyses.
Sediment
PEA1 –27.3481 133.9691 333 Small Creek draining silcrete tablelands. Channel and
floodplain widths are ∼10 m and ∼150 m. Smooth
transition from stream bed to banks. Fine-gravel dom-
inated stream bed with little sand, vegetated with aca-
cia trees.
PEA2 –27.9434 134.1532 263 Evelyn Creek tributary to Lora Creek. Channel and
floodplain widths are ∼2 m and ∼100 m. Muddy-silty
banks up to ∼1 m high. Sand dominated stream bed
with little gravel. Comparatively densely vegetated
floodplain.
PEA4 –28.2102 134.4811 184 Kulvegalinna Creek at Evelyn Downs. Channel and
floodplain widths are ∼30 m and ∼1 km. Muddy-
silty banks up to ∼1.5 m high. Fine-gravel dominated
stream bed. 250–500 µm fraction dominated by red
grains while larger fraction is rather white.
PEA5 –28.2037 134.6656 155 Anabranching Evelyn Creek. Tributary to Lora Creek.
Channel and floodplain widths are ∼6 m and ∼1.5 km.
Muddy-silty banks up to ∼1.5 m high. Fine-gravel
dominated stream bed.
PEA6 –28.3131 134.9460 118 Anabranching Lora Creek. Tributary to Peake Creek.
Channel and floodplain widths are ∼10 m and ∼2.5–
3 km. Muddy-silty banks up to ∼1 m high. Sand-
dominated stream bed.
Continued on next page.
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Table A.3 continued from previous page.
Sample ID Latitude Longitude Elevation Site description
[°S] [°E] [m]
Sediment
PEA7 –28.1156 135.0827 97 Anabranching Arckaringa Creek. Tributary to Peake
Creek. Channel and floodplain widths are ∼3 m and
∼2.5 km. Muddy-silty banks up to ∼1 m high. Stream
bed dominated by sand and fine gravel. Many cow
tracks.
PEA8 –28.0358 135.7970 56 Peake Creek at Tidnamurkuna Springs before entering
the Peake and Denison Ranges. Channel and flood-
plain widths are ∼30 m and ∼500 m. Muddy-silty
banks ∼1.5 m high. Stream bed dominated by sand
and fine gravels.
NIL –28.4830 135.9999 281 Small creek draining Mt Margaret Plateau near
Nilpinna homestead. Tributary to Edward Creek.
Channel and floodplain widths are ∼5 m and ∼20 m.
Coarse-gravel dominated stream bed.
NEA1 –27.3933 135.2635 135 Anabranching northern branch of the Neales River
near Oodnadatta. Channel and floodplain widths are
∼5 m and ∼800 m. Muddy-silty banks ∼1 m high.
Gravelly to sandy stream bed.
NEA2 –27.8671 135.1235 124 Anabranching Gidgea Creek. Tributary to Neales
River. Channel and floodplain widths are ∼10 m and
∼250 m. Muddy-silty banks ∼0.5 m high.
NEA3 –27.6202 135.4273 104 Anabranching Neales River at Oodnadatta. Channel
and floodplain widths are ∼3 m and ∼1.2 km. Muddy-
silty banks ∼2.5 m high. Stream bed dominated by
sand and fine gravels.
NEA4 –27.9009 135.8029 63 Small tributary at confluence with Neales River at Al-
gebuckina Hill / Old Ghan railway line. Mica and
Amphibolite in the sample. Bedrock outcrops in the
channel.
NEA5 –28.1140 136.3000 26 Neales River after confluence with Peake Creek and
downstream of Peake and Denison Ranges. Channel
and floodplain widths are ∼120 m and ∼4.5 km. Silty-
sand banks ∼3–4 m high. Sand dominated stream bed.
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A.3.2 Site photographs
For site descriptions see Table A.3.
Figure A.20: PEA-BR2 bedrock sampling site.
Figure A.21: PEA-BR3 bedrock sampling site.
Appendix A. Sampling sites 124
Figure A.22: PEA-BR4 bedrock sampling site.
Figure A.23: NIL-BR1 bedrock sampling site – view upslope.
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Figure A.24: NIL-BR2 bedrock sampling site.
Figure A.25: NIL-TOP depth sampling site.
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Figure A.26: PEA1 sediment sampling site – view upstream.
Figure A.27: PEA2 sediment sampling site – view upstream.
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Figure A.28: PEA4 sediment sampling site – view downstream.
Figure A.29: PEA5 sediment sampling site – view upstream.
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Figure A.30: PEA6 sediment sampling site – view upstream.
Figure A.31: PEA7 sediment sampling site – view upstream.
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Figure A.32: PEA8 sediment sampling site – view upstream.
Figure A.33: NIL sediment sampling site – view upstream.
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Figure A.34: NEA1 sediment sampling site – view downstream.
Figure A.35: NEA2 sediment sampling site – view downstream.
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Figure A.36: NEA3 sediment sampling site – view downstream.
Figure A.37: NEA4 sediment sampling site – view downstream on adjacent Neales
River.
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Figure A.38: NEA5 sediment sampling site – view downstream.
Appendix B
Grain characteristics analyses of
slope samples
This appendix gives details about pebble samples collected from hillslopes and provides a
photograph for every sample that was used for grain characteristics analyses. The results
are presented in Table 2.5.
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B.1 Sample details
For sample photographs see Sections B.2 to B.4.
Table B.1: Description of pebble samples for grain characteristics analyses.
Sample ID Lithology Number of clasts Mass B-axis range CN measured
[g] [mm]
PIONEER
PIO-TS5 Sandstone 15 1489 32–64 yes
PIO-TS7 Sandstone 15 1635 32–64 yes
PIO-TS9 Sandstone 15 1382 32–64 yes
PIO-TS11/-DP0 Sandstone 13 1111 32–64 yes
PIO-TS13 Sandstone 15 1352 32–64 yes
PIO-TS17 Sandstone 15 1454 32–64 yes
PIO-TS18 Sandstone 15 1543 32–64 yes
PIO-DP30 Sandstone 15 1236 32–64 yes
PIO-DP60 Sandstone 13 1328 32–64 yes
PIO-DP100 Sandstone 15 1004 32–64 yes
PIO-DP150 Sandstone 15 1270 32–64 yes
PIO-DP200 Sandstone 14 1341 32–64 yes
PIO-DP250 Sandstone 12 1446 32–64 yes
PIO-DP285 Sandstone 9 1308 32–64 yes
COONGRA
TD-TS0 Silcrete 185 – 8–16 no
TD-TS1 Silcrete 198 586 8–16 yes
TD-TS2 Silcrete 230 – 8–16 no
TD-TS3 Silcrete 259 – 8–16 no
TD-TS4 Silcrete 282 799 8–16 yes
TD-TS5 Silcrete 264 – 8–16 no
TD-TS6 Silcrete 268 – 8–16 no
TD-TS7 Silcrete 235 – 8–16 no
TD-TS8 Silcrete 285 – 8–16 no
TD-TS9 Silcrete 292 942 8–16 yes
Mt MARGARET
NIL-TOP-0 Quartzite 16 2281 32–64 yes
NIL-TS0 Quartzite 180 372 8–16 yes
NIL-TS4 Quartzite 202 407 8–16 yes
NIL-TS6 Quartzite 215 464 8–16 yes
NIL-TS8 Quartzite 169 466 8–16 yes
NIL-TS10 Quartzite 168 460 8–16 yes
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B.2 Pioneer slope sample photographs
For sample details and grain characteristics results see Tables B.1 and 2.5, respectively.
Figure B.1: PIO-TS5 image for grain characteristics analyses.
Figure B.2: PIO-TS7 image for grain characteristics analyses.
Appendix B. Grain characteristics analyses of slope samples 136
Figure B.3: PIO-TS9 image for grain characteristics analyses.
Figure B.4: PIO-TS11/-DP0 image for grain characteristics analyses.
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Figure B.5: PIO-TS13 image for grain characteristics analyses.
Figure B.6: PIO-TS17 image for grain characteristics analyses.
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Figure B.7: PIO-TS18 image for grain characteristics analyses.
Figure B.8: PIO-DP30 image for grain characteristics analyses.
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Figure B.9: PIO-DP60 image for grain characteristics analyses.
Figure B.10: PIO-DP100 image for grain characteristics analyses.
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Figure B.11: PIO-DP150 image for grain characteristics analyses.
Figure B.12: PIO-DP200 image for grain characteristics analyses.
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Figure B.13: PIO-DP250 image for grain characteristics analyses.
Figure B.14: PIO-DP285 image for grain characteristics analyses.
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B.3 Coongra slope sample photographs
For sample details and grain characteristics results see Tables B.1 and 2.5, respectively.
Figure B.15: TD-TS0 image for grain characteristics analyses.
Figure B.16: TD-TS1 image for grain characteristics analyses.
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Figure B.17: TD-TS2 image for grain characteristics analyses.
Figure B.18: TD-TS3 image for grain characteristics analyses.
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Figure B.19: TD-TS4 image for grain characteristics analyses.
Figure B.20: TD-TS5 image for grain characteristics analyses.
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Figure B.21: TD-TS6 image for grain characteristics analyses.
Figure B.22: TD-TS7 image for grain characteristics analyses.
Appendix B. Grain characteristics analyses of slope samples 146
Figure B.23: TD-TS8 image for grain characteristics analyses.
Figure B.24: TD-TS9 image for grain characteristics analyses.
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B.4 Mt Margaret slope sample photographs
For sample details and grain characteristics results see Tables B.1 and 2.5, respectively.
Figure B.25: NIL-TOP-0 image for grain characteristics analyses.
Figure B.26: NIL-TS0 image for grain characteristics analyses.
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Figure B.27: NIL-TS4 image for grain characteristics analyses.
Figure B.28: NIL-TS6 image for grain characteristics analyses.
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Figure B.29: NIL-TS8 image for grain characteristics analyses.
Figure B.30: NIL-TS10 image for grain characteristics analyses.
Appendix C
Cosmogenic nuclide analyses
C.1 Sample preparation
Sample preparation was conducted at the University of Wollongong (UOW) and the Aus-
tralian Nuclear Science and Technology Organisation (ANSTO). Figure C.1 provides an
overview of the procedures. Quartz separation and purification were based on protocols of
Kohl and Nishiizumi (1992) and Mifsud et al. (2013). Be and Al isotope extraction from
purified quartz via ion chromatography was conducted following procedures described in
Child et al. (2000).
C.1.1 Quartz purification
Stream sediment samples were sieved in the field to retain the commonly used 250–500
µm size fraction (cf. Gosse and Phillips, 2001, Bierman and Caffee, 2002, Bierman and
Nichols, 2004). Bedrock and pebble samples were crushed using a jaw crusher and a disc
mill and were also sieved to retain the 250–500 µm size fraction. Aliquots of ∼300 g were
then separated from each sample for further processing and the remainder archived.
The aliquots were rinsed multiple times to remove fine-grained aggregates and then leached
up to 5 times in ∼10% HCl/HNO3 for 24 hours on a hotplate at 100 ◦C. The leaching
removes mainly carbonates, sulphides, hydroxides, and metals and clears pathways within
grains for HF to attack solid inclusions and lithic fragments. The residue was washed with
H2O and fines were discarded with the rinse water.
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Removal of unwanted silicate minerals and maximisation of quartz purity is best achieved
using an acid mixture of dilute HF and HNO3. Thus, the samples were placed in high-
density polyethylene (HDPE) bottles and leached up to 4 times in 2–4% HF/2% HNO3
for ∼48 h on constantly rotating and heating (∼ 80 ◦C) hot dog rollers.
Samples that did not show significant purification after several steps of leaching were
further treated with hot phosphoric acid (Mifsud et al., 2013). They were split into
portions of 100–110 g and placed in 1 L flat-bottom round flasks together with 400 mL of
85% orthophosphoric acid (H3PO4). The mixtures were heated on an electric heater to
∼ 250 ◦C – at this temperature concentrated H3PO4 reacts for example with feldspars to
produce silicic aluminous hydroxides – for 40–60 minutes until completion of the reaction.
The flasks were allowed to cool down for a few minutes before the samples were transferred
into plastic beakers and washed multiple times with warm H2O until the supernatant was
clear and hydroxides were removed. The supernatant was discarded. The samples were
then transferred back into the flasks, mixed with 200 mL 50% NaOH, and boiled at
>250 ◦C for 15–20 minutes. During this step any remaining H3PO4 is neutralised and
residual silicic aluminous material is bound in milky precipitates or dissolved. Samples
were then again transferred into plastic beakers from cooled-down flasks and washed
repeatedly with warm H2O to remove precipitates. Hot phosphoric acid treatment was
applied up to two times on some samples until the mass loss was ≤5%.
One last 48 h leach with 2% HF/HNO3 at ∼ 80 ◦C was applied to remove any remaining
feldspar and the outer rim of quartz grains which might contain atmospheric 9Be or 10Be,
potentially introduced by the steps described above. The samples were then washed
thoroughly with MilliQ water and dried.
The quartz purity of samples from the first batch was assessed by quantifying the alu-
minium content using ICP-OES analysis. Quartz aliquots of 0.2–0.3 g were separated
from each sample and placed in 7 mL Savillex vials. 2 mL 48% HF and 1 mL 32%
HNO3 were added to the aliquots and the closed vials were then placed on a hotplate at
120 ◦C until complete dissolution of the sample. After drying down the aliquots at 120 ◦C,
residues were redissolved in 5 mL 1M HNO3 and transferred to 10 mL centrifuge tubes.
The solutions were topped up to 10 mL with 1M HNO3 and sent off for measurement. A
blank solution was prepared together with the samples and all solutions were then sent
off for analysis. Al concentrations ranged from 64 to 196 ppm which was in the range of
the targeted <200 ppm.
For comparison to the quantitative analysis, quartz purity of samples from the first batch
was also qualitatively determined. ∼1 g quartz of each sample was placed in 50 mL white
Teflon beakers and 15 mL of 48% HF and 2.5 mL of HClO4 were added to each aliquot.
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Covered with a Teflon watchglass, the aliquots were placed on a hotplate at ∼ 80 ◦C for
12 h to dissolve. After dissolution, the solution was fumed to dryness. The residue was
white to light yellow and <2 mm in diameter. For further batches only this qualitative
analysis was used to determine the relative purity of quartz. Only if the samples yielded
the characteristic <2 mm small spot, sample processing was continued. Otherwise, quartz
purification was repeated (see above). In any case, sample purity was again determined
after dissolution.
C.1.2 Beryllium and aluminium extraction
Beryllium and aluminium extraction was conducted in 8 batches of 6 to 10 samples,
totalling processing of 66 samples (including 7 repeat samples) (see Tables C.1 to C.8).
Aliquots of ∼10–40 g quartz were taken from each sample and placed in 1 L Nalgene Teflon
bottles. Each sample was spiked with a known quantity of 9Be carrier solution (∼300 µg)
(see Tables C.1 to C.8). This needs to be done because the samples do not contain 9Be
naturally and only very little amounts of 10Be, which would make it difficult to trace Be
movement through the processing and to obtain sufficient BeO for the creation of an ion
beam in the accelerator mass spectrometer (AMS). Most importantly, the samples need to
contain a known amount of 9Be to measure the 10Be/9Be ratio on the AMS. Al quantities
in quartz were sufficient, as indicated by the purity test beforehand, to trace it through
the processing and obtain enough Al2O3 at the end of the processing. Furthermore, Al
isotopes occur in sufficient amounts to be able to measure a 27Al/26Al ratio on the AMS.
∼300 mg of 9Be carrier and ∼1 g of 27Al carrier were added to the blank bottle.
Samples were dissolved in 48% HF using 5 mL of HF for every gram of clean quartz (200
mL of HF were added to the blank bottle). 10 mL of HNO3 were also added to maintain
the reactivity of HF during the reaction. The bottles were placed on an orbital shaker for
∼3 days to allow for complete quartz dissolution. Two small 1–4 mL aliquots were taken
from each dissolved sample and prepared for ICP-OES analysis.
Aliquots were transferred to 50 mL Teflon beakers and placed on a hotplate at 160 ◦C after
adding 2.5 mL of HClO4 (hotplates were turned off overnight). After drying, the aliquots
were redissolved in 2 mL 37% HCl and 2 mL 1M HNO3 and again placed on a hotplate at
160 ◦C. Before dried down, 2–3 mL of 1M HNO3 were added and the sample was allowed
to cool. The cooled-down aliquots were then transferred to a 10 mL centrifuge tube, filled
up with 1M HNO3 and sent off for ICP-OES analysis. Results of the ICP-OES analysis
are shown in Tables C.1 to C.8.
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After quartz dissolution was complete and aliquots were prepared for ICP-OES analysis,
samples were transferred into 250 mL Teflon beakers. 5 mL HClO4 were added to each
sample, and the beakers placed on a hotplate at 190 ◦C to dry down. Once the samples
dried down to a droplet (∼72 h), another 2.5 mL of HClO4 were added. After again
drying down to a droplet, 2 mL 37% HCl and 10 mL 1M HNO3 were added to redissolve
all constituents. This solution was then dried down again and taken up in 5 mL 1M HNO3
(solutions turned yellow due to Fe). Repetition of evaporation and dissolution ensures the
removal of HF and boron (as volatile BF3) while Fe, Ti, Al, Be, alkali elements, and alkali
earth elements are retained as chloride salts. These will be separated from the sample
during the next steps. The samples were then transferred into 50 mL centrifuge tubes
and filled up to 30 mL with MilliQ water.
Alkali elements and alkali earth elements such as Na, K, Mg, and Ca were separated
from the sample through pH adjustment using a pH meter. With NH3 (concentrated and
dilute) and 1M HNO3 the pH was brought to ∼7.8. At this pH value Be and Al precipitate
together with Fe and Ti, while Na, K, Mg, and Ca stay in solution. After ∼4 h the pH
was checked again and readjusted to ∼7.8. After centrifuging the samples for 10 minutes
at 3600 revolutions per minute (rpm), the supernatant was decanted. The samples were
then washed twice using 5 mL of MilliQ water and centrifuged for 10 minutes at 3600 rpm.
The retained precipitate was then dissolved in 5 mL 37% HCl overnight. The solution
turned yellow again due to Fe.
Fe (and to some degree Ti) impurities are removed from the samples using 20 mL anion
exchange columns. These were prepared with 8 g of Dowex 1X-8 200–400 mesh resin.
Conditioning was conducted in the following order with a succession of different quantities
from different HCl concentrations (20 mL 1M HCl, 20 mL 2M HCl, 20 mL 4M HCl, 20
mL 8M HCl, 50 mL 9M HCl). The conditioning solution was then discarded and 50 mL
Teflon beakers placed under each column. After centrifuging for 2 minutes at 3600 rpm,
samples were added to the columns. The centrifuge tubes were washed 4 times, each time
with 5 mL of 9M HCl and the solutions added to the columns. Fe(III) remains in the
columns as Cl– complexes (FeCl4
–, FeCl5
2–, FeCl6
3–) and can be observed as a brown
staining at the top of the columns. Ti(IV) also stays in the columns as TiCl6
2– complex,
but cationic Ti and Ti(III) wash through the resin. The eluent therefore contains Be,
Al, and Ti. 2.5 mL HClO4 were added to the solutions and the Teflon beakers placed
on a hotplate at 160 ◦C. Once dried down to a droplet, 5 mL of HNO3 were added, the
cooled-down sample transferred to a 50 mL centrifuge tube and filled up with 25 mL
MilliQ water. Used anion columns were kept until the Be and Al recovery process was
completed.
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For batches seven and eight, anion exchange procedures were shortened as follows. After
the removal of alkali and alkali earth elements, samples were kept in 10 mL 6M HCl.
Anion exchange columns were filled up to 2 mL with Dowex 1X-8 200–400 mesh resin.
Prior to loading the samples, the columns were stripped with 5 mL 0.3M HCl followed by
another 25 mL 0.3M HCl. For conditioning of the resin, 3 x 2 mL 6M HCL were added to
the columns. The conditioning solution was discarded and 50 mL Teflon beakers placed
under each column to collect Al and Be. Before being added to the columns, samples
were centrifuged for 10 minutes at 3600 rpm. Samples were then added to the columns
using a new disposable pipette for each sample. Al and Be were eluted from the columns
by adding 3 x 2 mL 6M HCl. After Al and Be elution, 2.5 mL HClO4 were added to
the samples before they were dried down on a hotplate at 110 ◦C. Once dried down to
a droplet, the sample was taken up in 5 mL of HNO3, transferred to a 50 mL centrifuge
tube and filled up with 25 mL of MilliQ water. The used columns were filled up with 5
mL MilliQ water and kept until the Be and Al recovery process was completed.
Aluminium was separated from Be and Ti by adjusting the pH to ∼11.5 with a pH meter
using 50% and dilute NaOH and 1M HNO3. Be and Ti form insoluble hydroxides while Al
stays in solution. The samples were then centrifuged for 10 minutes at 3600 rpm and the
supernatants transferred to new centrifuge tubes. From this supernatant solution Al was
recovered by pH adjustment to ∼7.8 with a pH meter using HNO3 (conc. and 1M) and
dilute NaOH. The samples were left to react for 12 h, checked again, and then centrifuged
and washed twice with 5 mL MilliQ water. The supernatant was discarded.
In preparation for cation exchange columns, Be and Ti hydroxides were washed twice with
5 mL MilliQ water, centrifuged, and the supernatants discarded. 10 mL 0.25M H2SO4
+ 0.015% H2O2 were added to dissolve the hydroxides. The solutions turn orange due
to the TiO[H2O2]
2+ complex. 20 mL cation exchange columns were then prepared with
8 g of Dowex 50W-X8 200–400 mesh resin. Conditioning was conducted in the following
order with a succession of different quantities from different HNO3 concentrations (100
mL 6M HNO3, 20 mL 4M HNO3, 20 mL 2M HNO3, 20 mL 0.5M HNO3), 250 mL MilliQ
water, and 50 mL 0.25M H2SO4 + 0.015% H2O2. Conditioning solutions were discarded
and 250 mL beakers placed under each column. Samples were centrifuged and then added
to the columns. Centrifuge tubes were washed twice with 10 mL 0.25M H2SO4 + 0.015%
H2O2, centrifuged and the solutions added to the columns. After this another 200 mL
0.25M H2SO4 + 0.015% H2O2 were added to each column. While Ti percolates through
the columns as TiO[H2O2]
2+ complex, Be is retained. If the eluant was still yellow,
containing the TiO[H2O2]
2+ complex (checked on a drop in a white Teflon beaker), up to
40 mL 0.25M H2SO4 + 0.015% H2O2 were added. To recover Be, 50 mL centrifuge tubes
were placed under each column and 20 mL 1.2M HNO3 added to the columns. Any Be
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that potentially remained in the columns after this, was collected in separate centrifuge
tubes by adding 40 mL 1.2M HNO3 to the column.
Final Be recovery was achieved through pH adjustment to ∼8 using NH3 (conc. and
dilute) and HNO3 (conc. and 1M). The pH was monitored with a pH meter or phen-
olphthalein (turns pink above pH = 8). Once the Be hydroxide coagulated, the samples
were centrifuged for 10 minutes at 3600 rpm and the supernatant discarded. Precipitates
were washed twice with 1 mL MilliQ water.
After precipitation, aluminium and beryllium hydroxides were transferred to separate
quartz crucibles crucibles were weighed with their lid beforehand to 5 decimal places
using pipettes and a few drops 1M HNO3 to recover hydroxide remains stuck in the
centrifuge tube. The crucibles were then placed on a ceramic tray, covered with their
lid, and dried overnight at 100 ◦C. Once dried down, they were placed in a furnace
and calcined at 800 ◦C for ∼6 h to convert Al(OH)3 and Be(OH)2 to Al2O3 and BeO,
respectively. After overnight cooling the quartz crucibles were weighed again to obtain
the weight of the oxides (see Tables C.1 to C.8).
Aluminium oxides were mixed with Nb or Ag at a ratio of 1:3 and ground. Beryllium
oxides were mixed with Nb at a ratio of 1:4. Beryllium mixtures were then packed into Al
cathodes and aluminium mixtures were packed into Cu cathodes for AMS measurement.
C.2 AMS measurements
10Be/9Be and 26Al/27Al measurements were conducted at ANSTO on the 10 MV ANT-
ARES and 6 MV SIRIUS AMS (Fink and Smith, 2007, Wilcken et al., 2017). Details for
all AMS measurements can be found in Tables C.1 to C.8.
All 10Be/9Be ratios (n = 59) and 39 of the 26Al/27Al ratios (n = 64; includes 6 repeat
measurements for failed samples) were measured on ANTARES. The remaining 26Al/27Al
ratios (n = 25) were measured on SIRIUS. Standards used for normalisation were KN-5-2
and KN-5-3 for 10Be/9Be ratios (Nishiizumi et al., 2007) and KN-4-2 for 26Al/27Al ratios
(Nishiizumi, 2004). For all 10Be/9Be ratios and all 26Al/27Al ratios measured on SIRIUS,
corrections were conducted using the ratios of the respective full chemistry procedural
blank (usually 100 times smaller than sample ratios for 10Be/9Be and commonly 50–
100 times smaller for 26Al/27Al). 26Al/27Al ratios measured on ANTARES were corrected
using the respective full chemistry procedural blank’s 26Al count rate. Uncertainties for
the final 10Be concentrations (atoms g–1 quartz) include AMS measurement uncertainties
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(counting statistics, standard normalisation, and blank corrections), 2% standard repro-
ducibility, and 1% uncertainty in the Be spike concentration, in quadrature. Likewise, final
26Al concentration uncertainties include AMS uncertainties, 3% standard reproducibility,
and 4% uncertainty in the ICP-OES Al measurements, in quadrature.
C.3 Sample processing details and AMS results
The following tables give details on dissolved sample mass, quartz purity, added 9Be
carrier mass, obtained oxide masses, and AMS results of every sample.
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C.4 10Be and 26Al concentration calculations
Blank-corrected 10Be/9Be and 26Al/27Al ratios (see Section C.3) were used to calculate
10Be and 26Al concentrations (atoms g–1) as follows:
N10Be =
10Be
9Be
m9Be
L
ma(
9Be)
mqtz
(C.1)
N26Al =
26Al
27Al
m27Al
L
ma(
27Al)
mqtz
(C.2)
where
10Be
9Be
and
26Al
27Al
are the ratios measured on the AMS,m9Be andm27Al are the
9Be mass
added by the carrier and 27Al mass determined by ICP-OES analyses (g), respectively, L
is the Avogadro constant (6.02217 x 1023 mol–1), ma(
9Be) and ma(
27Al) are the atomic
masses of 9Be (9.0122 u) and 27Al (26.98154 u), respectively, and mqtz is the mass of
dissolved clean quartz (g).
Uncertainties for the final 10Be concentrations include AMS measurement uncertainties
(counting statistics, standard normalisation, and blank corrections), 2% standard repro-
ducibility uncertainty, and 1% uncertainty in the Be spike concentration, in quadrature.
Likewise, final 26Al uncertainties include AMS uncertainties, 3% and 0.8% standard re-
producibility uncertainty for standards measured on ANTARES or SIRIUS, respectively,
and 4% uncertainty in the ICP-OES Al measurements, in quadrature.
Final 10Be and 26Al concentrations and uncertainties presented in Table C.9 were used
for erosion rate, deposition age, and apparent burial age calculations described in the
following section.
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Table C.9: Cosmogenic nuclide concentrations.
Sample ID Material 10Be concentration(a) 26Al concentration(a)
[103 atoms g–1] [103 atoms g–1]
FINKE catchment
PIO-BR Sandstone bedrock 623 ± 16 3406 ± 239
PIO-TS5 Surface gibber 802 ± 19 4974 ± 247
PIO-TS7 Surface gibber 766 ± 19 5031 ± 361
PIO-TS9 Surface gibber 1338 ± 50 8111 ± 410
PIO-TS11/-DP Surface gibber 1497 ± 35 8585 ± 569
PIO-TS13 Surface gibber 1821 ± 52 10379 ± 486
PIO-TS17 Surface gibber 1922 ± 45 10798 ± 601
PIO-TS18 Surface gibber 2213 ± 58 12664 ± 592
PIO-DP30 Buried pebbles 1126 ± 27 6251 ± 322
PIO-DP60 Buried pebbles 930 ± 22 4714 ± 239
PIO-DP100 Buried pebbles 892 ± 22 4945 ± 340
PIO-DP150 Buried pebbles 694 ± 17 3203 ± 167
PIO-DP200 Buried pebbles 541 ± 20 2885 ± 147
PIO-DP250 Buried pebbles 515 ± 14 2385 ± 128
PIO-DP285 Buried pebbles 521 ± 14 2489 ± 180
PIO Stream sediment 495 ± 15 2786 ± 140
ELL Stream sediment 461 ± 17 2358 ± 114
HUG Stream sediment 598 ± 17 2656 ± 128
PAL Stream sediment 606 ± 17 3149 ± 151
FIN1 Stream sediment 450 ± 16 2454 ± 122
FIN2 Stream sediment 510 ± 15 2412 ± 116
FIN3 Stream sediment 548 ± 16 2744 ± 132
FIN4 Stream sediment 590 ± 17 2813 ± 135
FIN5 Stream sediment 582 ± 16 2531 ± 124
MACUMBA catchment
TD-BR Silcrete bedrock 5189 ± 123 18667 ± 1447
TD-TS1 Surface gibber 5399 ± 138 16420 ± 902
TD-TS4 Surface gibber 4817 ± 121 18642 ± 1334
TD-TS9 Surface gibber 5331 ± 123 19175 ± 995
COO Stream sediment 1695 ± 42 6868 ± 481
ALB1 Stream sediment 1335 ± 31 5584 ± 383
ALB2 Stream sediment 1404 ± 34 5697 ± 324
ALB3 Stream sediment 1427 ± 38 6348 ± 353
OLA(b) Stream sediment 4200 ± 95 6183 ± 439
MAC Stream sediment 1612 ± 38 4838 ± 467
NEALES catchment
PEA-BR2 Silcrete bedrock 609 ± 18 3745 ± 262
PEA-BR3(b) Silcrete bedrock 13126 ± 296 8128 ± 479
PEA-BR4 Silcrete bedrock 1670 ± 40 9977 ± 615
NIL-BR1 Quartzite bedrock 1443 ± 36 8435 ± 499
NIL-BR2 Quartzite bedrock 415 ± 12 –
NIL-TOP-0 Surface gibber 2722 ± 64 10796 ± 816
NIL-TOP-70 Buried saprolite 1230 ± 31 5146 ± 486
NIL-TS0 Surface gibber 1333 ± 31 6622 ± 472
NIL-TS4 Surface gibber 1019 ± 25 4598 ± 247
NIL-TS6 Surface gibber 1348 ± 36 7190 ± 651
NIL-TS8 Surface gibber 1044 ± 27 4432 ± 237
NIL-TS10 Surface gibber 643 ± 21 3702 ± 181
NIL Stream sediment 496 ± 19 3005 ± 149
PEA1 Stream sediment 3105 ± 72 11292 ± 724
PEA2 Stream sediment 4172 ± 105 15885 ± 958
Continued on next page.
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Table C.9 continued from previous page.
Sample ID Material 10Be concentration(a) 26Al concentration(a)
[103 atoms g–1] [103 atoms g–1]
NEALES catchment (continued)
PEA4 Stream sediment 4250 ± 98 14471 ± 779
PEA5 Stream sediment 3261 ± 77 11006 ± 772
PEA6 Stream sediment 3134 ± 71 10287 ± 643
PEA7 Stream sediment 1523 ± 37 5662 ± 327
PEA8 Stream sediment 799 ± 20 3671 ± 179
NEA1 Stream sediment 1111 ± 31 4460 ± 405
NEA2 Stream sediment 700 ± 17 3296 ± 258
NEA3 Stream sediment 1246 ± 29 4307 ± 258
NEA4 Stream sediment 282 ± 7 1650 ± 87
NEA5 Stream sediment 774 ± 20 3400 ± 164
a) Uncertainties expressed at 1-σ level.
b) 10Be concentrations are very high compared to 26Al resulting in unnaturally low 26Al/10Be ratios.
Appendix D
Denudation rate, burial age, and
deposition age calculations
The cosmogenic nuclide (CN) concentrations from Table C.9 were used to calculate denud-
ation rates and burial ages with CosmoCalc 3.0 (Vermeesch, 2007), and deposition ages
using a Bayesian Monte Carlo model approach developed by Hidy et al. (2010). Prior to
conducting these calculations, CN production rates needed to be scaled for each sampling
site or catchment, respectively. In the following sections, I will explain how this scaling
was conducted and how the denudation rates and different ages were calculated.
D.1 Scaling cosmogenic nuclide production rates
10Be and 26Al sea-level high-latitude (SLHL) production rates of 4.30 (Vermeesch, 2007)
and 29.03 atoms g–1 yr–1, respectively, were used as base values for denudation rate and
burial age calculations. The 26Al production rate was set to be 6.75-times as large as the
10Be production rate as proposed by Balco et al. (2008).
SLHL production rates were scaled to geographic latitude and atmospheric pressure for
each sample. This scaling needed to be consistent between the denudation-burial calcu-
lator (CosmoCalc 3.0; Vermeesch, 2007) and the deposition age modelling software (Hidy
et al., 2010, version 1.2) for comparability of the results. The Hidy et al. (2010) software
uses the Stone (2000) scaling scheme (Equations D.1 to D.3) and production mechanisms
by Granger and Muzikar (2001) (Table D.2) by default. Therefore, I also chose these
settings for CosmoCalc 3.0 (Vermeesch, 2007).
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The Stone (2000) scheme calculates production scaling factors based on geographic lat-
itude and atmospheric pressure (A) (derived from the National Center for Atmospheric
Research, World Monthly Surface Station Climatology data set – NCAR Data Set ds570.0;
http://rda.ucar.edu/datasets/ds570.0/). While for bedrock and hillslope samples the
Stone (2000) scaling was directly applied, average latitude and altitude were determ-
ined for each catchment prior to applying the Stone (2000) scaling to stream sediment
samples, assuming equally distributed sediment contribution. More rigorous calculations
of production rate scaling factors for every pixel within small catchments provided negli-
gibly differing results. Due to this and the large extent of some catchments the simplified
approach was used.
The production scaling factor is then calculated as follows:
SP (A) = FspNP (A) + (1− Fsp)MP (A) (D.1)
where Fsp is the fraction of spallogenic production at the surface at sea level (see Granger
and Muzikar (2001) for 26Al and 10Be values), and NP(A) and MP(A) are the spallogenic
and muogenic scaling factors calculated as follows:
NP (A) = a+ b exp(−A/150) + cA+ dA2 + eA3 (D.2)
MP (A) = MP,1013.25 exp
(
1013.25−A
242
)
(D.3)
The scaling coefficients a, b, c, d, e, and MP,1013.25 are calculated for different geographic
latitudes (Table D.1)
Table D.1: Spallogenic and muogenic production scaling coefficients.
Latitude a b c d e MP,1013.25
0 31.8518 250.3193 –0.083393 7.4260 x 10–5 –2.2397 x 10–8 0.587
10 34.3699 258.4759 –0.089807 7.9457 x 10–5 –2.3697 x 10–8 0.600
20 40.3143 308.9894 –0.106248 9.4508 x 10–5 –2.8234 x 10–8 0.678
30 42.0983 512.6857 –0.120551 1.1752 x 10–4 –3.8809 x 10–8 0.833
40 56.7733 649.1343 –0.160859 1.5463 x 10–4 –5.0330 x 10–8 0.933
50 69.0720 832.4566 –0.199252 1.9391 x 10–4 –6.3653 x 10–8 1.000
>60 71.8733 863.1927 –0.207069 2.0127 x 10–4 –6.6043 x 10–8 1.000
Additionally to the latitude-altitude based production scaling by Stone (2000), production
rates may be decreased by topographic shielding. In this case, the sample does not have an
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unobstructed view of the sky due to irregular topography. For n rectangular obstructions
the topographic shielding factor ST is then given by (Dunne et al., 1999):
ST = 1−
1
2π
n∑
i=1
∆φi sin
m+1(θi) (D.4)
where φ and θ are the azimuth and elevation angles, respectively (θ is measured upward
from the horizontal; Figure D.1A), and m is an empirically determined constant (most
studies assume m = 2.3; Nishiizumi et al., 1989). For point-specific samples like bedrock
outcrops the obstruction angles can be determined directly in the field or obtained from
a DEM. For catchments, Codilean (2006) developed a relief shadow modelling technique
based on Equation D.4 to identify shielded areas in a DEM.
RReceived = RMax
RReceived = RMax - RShield
RShield
Figure D.1: Total radiation (RReceived) received by an object P that has (A) an unob-
structed view of the sky in all directions, and (B) part of the view blocked by a rectangular
obstruction of height sinθ0 and width sin∆φ. From Codilean (2006).
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D.2 Denudation rate calculations
Denudation rates (ε) can be calculated based on concentrations of one nuclide only (here:
10Be) under the assumptions of steady state (exposure age t = ∞) and negligible burial
(burial age τ = 0). The following equation demonstrates how CosmoCalc 3.0 calculates
denudation rates by neutrons, slow and fast muons (Vermeesch, 2007):
N10Be(ε) = P10Be
3∑
i=0
SP (i)Fi
λ10Be + ερ/Λi
(D.5)
with N10Be the measured
10Be concentration (atoms g–1), P10Be the total SLHL surface
production rate of 10Be (4.30 atoms g–1 yr–1), Fi the relative
10Be production rates after
Granger and Muzikar (2001) (Table D.2), λ10Be the radioactive decay constant of
10Be
(5 x 10–7 yr–1), ρ the density of rock (2.65 g cm–3), Λi the attenuation lengths (g cm
–2)
(Table D.3), and SP (i) the production scaling factors calculated after Stone (2000) and
corrected for topographic shielding (determined for bedrock after Dunne et al. (1999) and
for basins after Codilean (2006); Equation D.4).
Table D.2: Relative production rates of 26Al and 10Be for different production mech-
anisms.
Granger and Muzikar (2001) Braucher et al. (2003) Schaller et al. (2002)
Production 26Al 10Be 26Al 10Be 26Al 10Be
pathway production production production production production production
[%] [%] [%] [%] [%] [%]
Neutrons (F0) 96.55 97.24 96.99 98.87 95.75 96.4
Slow muons (F1) 2.33 1.86 2.75 0.27 3.15 2.66
Slow muons (F2) 0.5 0.4 0 0 –0.9 –0.74
Fast muons (F3) 0.62 0.5 0.26 0.86 2.0 1.68
Table D.3: Attenuation lengths (Λ) for different production mechanisms.
Granger and
Muzikar (2001)
Braucher et al.
(2003)
Schaller et al.
(2002)
Production Λ Λ Λ
pathway [g cm–2] [g cm–2] [g cm–2]
Neutrons (Λ0) 160 160 160
Slow muons (Λ1) 738.6 1500 738.6
Slow muons (Λ2) 2688 1500 2688
Fast muons (Λ3) 4360 4320 4360
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D.3 Burial age calculations
Burial ages can be calculated from surface samples using concentrations of two nuclides
(here: 10Be and 26Al) and assuming that only one phase of complete burial occurred
after initial exposure with negligible exposure duration after the burial phase. As for
denudation rate calculations, erosion is assumed to be in steady state (t =∞), which yields
the following system of non-linear equations for 10Be and 26Al concentrations (Vermeesch,
2007):

f10Be(ε, τ) : N10Be = P10Be e
−λ10Be τ
3∑
i=0
SP (i),10Be Fi,10Be
λ10Be + ερ/Λi,10Be
f26Al(ε, τ) : N26Al = P26Al e
−λ26Al τ
3∑
i=0
SP (i),26Al Fi,26Al
λ26Al + ερ/Λi,26Al
(D.6)
with λ26Al the radioactive decay constant of
26Al (9.83 x 10–7 yr–1).
Since 26Al has the shorter half-life (larger decay constant λ), the burial age can be written
as a function of the denudation rate ε (Vermeesch, 2007):
τ =
26Al
λ26Al
ln
(
P26Al
N26Al
3∑
i=0
SP (i),26Al Fi,26Al
λ26Al + ερ/Λi,26Al
)
(D.7)
where ε is given by:
λ26Al ln
(
P10Be
N10Be
3∑
i=0
SP (i),10Be Fi,10Be
λ10Be + ερ/Λi,10Be
)
− λ10Be ln
(
P26Al
N26Al
3∑
i=0
SP (i),26Al Fi,26Al
λ26Al + ερ/Λi,26Al
)
= 0
(D.8)
D.4 Deposition age calculations
The deposition age calculator developed by Hidy et al. (2010) uses a Bayesian Monte Carlo
approach to model the 10Be and 26Al deposition ages from a depth profile (Fig. D.2) and
permits the incorporation of limits on surface erosion, cosmogenic nuclide inheritance,
as well as site specific information such as depth-variable bulk densities (see Table D.4).
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The modelled Bayesian most probable age and associated uncertainties are obtained from
relative probability density functions (Figs. D.3A1 and D.4A1) constructed from all the
ages generated from a customised Monte Carlo simulation. The model also returns age
distributions (Figs. D.5A and D.6A) within user defined confidence intervals, to assess
how well the theoretical depth profile fits the measured data using a chi-squared statistic.
The Bayesian solutions are a more accurate representation of the most probable values
for age, erosion rate, and inheritance than those based on only a minimum chi-squared
criterion. This is because the former are obtained by performing importance sampling
not only on those profile solutions that fall within the user defined confidence intervals,
but also on the rejected solutions. This yields a continuous probability solution within
the constraints set by the user (John Gosse, pers. comm. 2016). As mentioned above,
the calculator uses a time-independent spallation production model based on the scaling
scheme of Lal (1991) and Stone (2000). Muon production at a particular latitude and
subsurface depth is calculated using Heisinger et al. (2002a,b) following the approach of
Balco et al. (2008).
Results of the Monte Carlo deposition age modelling for the Pioneer hillslope depth profile
are presented in Table D.5 and comprehensive model outputs are shown in Figures D.2
to D.7.
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Table D.4: Summary of depth-profile related Monte Carlo modelling parameters.
Site and nuclide specific information 10Be 26Al
Latitude [°S] –23.7112 –23.7112
Longitude [°E] 132.7867 132.7867
Elevation [m a.s.l.] 702.7 702.7
Shielding
Topographic shielding 0.99963 0.99963
Cover 1 1
10Be and 26Al production rate
Spallation production rate [atoms g–1 yr–1] 5.21 34.9
Site production rate [atoms g–1 yr–1] 5.208 34.887
Muonic production
Depth of muon fit [m] 5 5
Slow muon surface production [%] 0.183 0.184
Fast muon surface production [%] 0.059 0.059
Bulk material density
Minimum density [g cm–3] 1.5 1.5
Maximum density [g cm–3] 1.9 1.9
Monte Carlo parameters(a)
Chi2 value 12(b) 4(b)
Number of profiles 100000 100000
Min age [yr] 140000 100000
Max age [yr] 330000 400000
Min erosion rate [cm/k.y.] 0 0
Max erosion rate [cm/k.y.] 1 1
Min total erosion threshold [cm] 0 0
Max total erosion threshold [cm] 50 50
Min inheritance [atoms/g] 350000 1500000
Max inheritance [atoms/g] 620000 3500000
Neutrons (mean value) 160 160
Neutrons (standard deviation) 5 5
a) For detailed explanation of parameters see Hidy et al. (2010).
b) No solutions were found for lower chi2 values.
Table D.5: Deposition age modelling results.
Deposition age Erosion rate Inheritance
10Be 26Al 10Be 26Al 10Be 26Al
[k.y.] [k.y.] [m/m.y.] [m/m.y.] [103 at. g–1] [103 at. g–1]
Mean 234.2 227.1 1.0 1.1 503.5 2506.0
Median 232.7 224.1 1.1 1.1 506.1 2516.1
Mode 228.7 219.6 1.6 1.5 508.4 2498.0
Minimum Chi2 223.9 216.5 1.0 1.1 467.7 2380.9
Maximum 306.6 344.3 2.3 2.5 575.9 3174.9
Minimum 173.6 154.8 0.0 0.0 398.8 1748.8
Bayesian most probable 228.8 220.1 1.6 1.3 502.6 2608.7
Bayesian 2σ upper 288.6 343.8 1.9 2.2 563.3 3234.4
Bayesian 2σ lower 187.5 152.2 – – 438.7 1928.7
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Figure D.2: 10Be (A) and 26Al (B) concentration versus depth plots showing the best
fit profile solution on the left and all profile solutions for Chi2=12 (Be) and Chi2=4 (Al)
on the right. Error bars denote 1σ total measurement uncertainties.
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Figure D.3: 10Be derived probability density functions and cumulative distribution
functions for deposition age (A), erosion rate (B), and inheritance (C).
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Figure D.4: 26Al derived probability density functions and cumulative distribution
functions for deposition age (A), erosion rate (B), and inheritance (C).
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Figure D.5: Results for 10Be based deposition age (A), erosion rate (B), and inheritance
(C) solution spaces (Chi2=12). Horizontal black lines indicate the lowest Chi2 value.
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Figure D.6: Results for 26Al based deposition age (A), erosion rate (B), and inheritance
(C) solution spaces (Chi2=4). Horizontal black lines indicate the lowest Chi2 value.
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Figure E.1: NIL-TS0 MC4 (4-parameter) Monte Carlo-based inversion model out-
put. Colours correspond to models with slow (blue) to fast (red) erosion rates. A) The
26Al/10Be (±1σ uncertainty) domain that defines the accepted forward models. B) Ex-
humation paths of accepted models spanning the past 5 m.y. Note the rapid acceleration
that occurs when particles detach from bedrock and migrate upwards to the soil surface
(i.e. two-speed exhumation). Frequency distributions of accepted models are shown for
the four free-parameters: C) Gibber upward-migration time from base of soil to surface;
D) Gibber arrival time at soil surface; E) Bedrock erosion rate at the base of the soil,
and F) Soil thickness.
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Figure E.2: NIL-TS4 MC4 (4-parameter) Monte Carlo-based inversion model out-
put. Colours correspond to models with slow (blue) to fast (red) erosion rates. A) The
26Al/10Be (±1σ uncertainty) domain that defines the accepted forward models. B) Ex-
humation paths of accepted models spanning the past 5 m.y. Note the rapid acceleration
that occurs when particles detach from bedrock and migrate upwards to the soil surface
(i.e. two-speed exhumation). Frequency distributions of accepted models are shown for
the four free-parameters: C) Gibber upward-migration time from base of soil to surface;
D) Gibber arrival time at soil surface; E) Bedrock erosion rate at the base of the soil,
and F) Soil thickness.
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Figure E.3: NIL-TS6 MC4 (4-parameter) Monte Carlo-based inversion model out-
put. Colours correspond to models with slow (blue) to fast (red) erosion rates. A) The
26Al/10Be (±1σ uncertainty) domain that defines the accepted forward models. B) Ex-
humation paths of accepted models spanning the past 5 m.y. Note the rapid acceleration
that occurs when particles detach from bedrock and migrate upwards to the soil surface
(i.e. two-speed exhumation). Frequency distributions of accepted models are shown for
the four free-parameters: C) Gibber upward-migration time from base of soil to surface;
D) Gibber arrival time at soil surface; E) Bedrock erosion rate at the base of the soil,
and F) Soil thickness.
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Figure E.4: NIL-TS8 MC4 (4-parameter) Monte Carlo-based inversion model out-
put. Colours correspond to models with slow (blue) to fast (red) erosion rates. A) The
26Al/10Be (±1σ uncertainty) domain that defines the accepted forward models. B) Ex-
humation paths of accepted models spanning the past 5 m.y. Note the rapid acceleration
that occurs when particles detach from bedrock and migrate upwards to the soil surface
(i.e. two-speed exhumation). Frequency distributions of accepted models are shown for
the four free-parameters: C) Gibber upward-migration time from base of soil to surface;
D) Gibber arrival time at soil surface; E) Bedrock erosion rate at the base of the soil,
and F) Soil thickness.
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Figure E.5: NIL-TS10 MC4 (4-parameter) Monte Carlo-based inversion model out-
put. Colours correspond to models with slow (blue) to fast (red) erosion rates. A) The
26Al/10Be (±1σ uncertainty) domain that defines the accepted forward models. B) Ex-
humation paths of accepted models spanning the past 5 m.y. Note the rapid acceleration
that occurs when particles detach from bedrock and migrate upwards to the soil surface
(i.e. two-speed exhumation). Frequency distributions of accepted models are shown for
the four free-parameters: C) Gibber upward-migration time from base of soil to surface;
D) Gibber arrival time at soil surface; E) Bedrock erosion rate at the base of the soil,
and F) Soil thickness.
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Figure E.6: TD-TS1 MC4 (4-parameter) Monte Carlo-based inversion model output.
Colours correspond to models with slow (blue) to fast (red) erosion rates. A) The
26Al/10Be (±3σ uncertainty) domain that defines the accepted forward models. B) Ex-
humation paths of accepted models spanning the past 5 m.y. Note the rapid acceleration
that occurs when particles detach from bedrock and migrate upwards to the soil surface
(i.e. two-speed exhumation). Frequency distributions of accepted models are shown for
the four free-parameters: C) Gibber upward-migration time from base of soil to surface;
D) Gibber arrival time at soil surface; E) Bedrock erosion rate at the base of the soil,
and F) Soil thickness.
Appendix E. Supplementary material – Study I 189
4.65 4.7 4.75 4.8 4.85 4.9 4.95
3.5
3.6
3.7
3.8
3.9
4
4.1
4.2
0 1 2 3 4 5
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 0.5 1 1.5 2
0
20
40
60
80
100
120
140
160
0 0.5 1
0
20
40
60
80
100
120
140
160
180
0 0.1 0.2 0.3 0.4
0
20
40
60
80
100
120
140
160
180
0 0.5 1
0
20
40
60
80
100
120
140
A B
C D E F
10Be concentration [106 atoms g-1]
26
A
l/1
0 B
e 
ra
tio
Time [m.y.]
D
ep
th
 [m
]
Gibber migration time [m.y.]
# 
m
od
el
s
Gibber surface arrival [m.y.] Bedrock erosion rate [m/m.y.] Soil thickness [m]
TD-TS4
Figure E.7: TD-TS4 MC4 (4-parameter) Monte Carlo-based inversion model output.
Colours correspond to models with slow (blue) to fast (red) erosion rates. A) The
26Al/10Be (±1σ uncertainty) domain that defines the accepted forward models . B)
Exhumation paths of accepted models spanning the past 5 m.y. Note the rapid acceler-
ation that occurs when particles detach from bedrock and migrate upwards to the soil
surface (i.e. two-speed exhumation). Frequency distributions of accepted models are
shown for the four free-parameters: C) Gibber upward-migration time from base of soil
to surface; D) Gibber arrival time at soil surface; E) Bedrock erosion rate at the base of
the soil, and F) Soil thickness.
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Figure E.8: TD-TS9 MC4 (4-parameter) Monte Carlo-based inversion model output.
Colours correspond to models with slow (blue) to fast (red) erosion rates. A) The
26Al/10Be (±1σ uncertainty) domain that defines the accepted forward models. B) Ex-
humation paths of accepted models spanning the past 5 m.y. Note the rapid acceleration
that occurs when particles detach from bedrock and migrate upwards to the soil surface
(i.e. two-speed exhumation). Frequency distributions of accepted models are shown for
the four free-parameters: C) Gibber upward-migration time from base of soil to surface;
D) Gibber arrival time at soil surface; E) Bedrock erosion rate at the base of the soil,
and F) Soil thickness.
Appendix E. Supplementary material – Study I 191
7.8 7.9 8 8.1 8.2 8.3
5.8
5.9
6
6.1
6.2
6.3
6.4
6.5
6.6
0 1 2 3 4 5
0
0.5
1
1.5
2
2.5
3
3.5
4
0 0.2 0.4 0.6
0
50
100
150
200
250
0 0.05 0.1 0.15 0.2
0
20
40
60
80
100
120
140
160
180
0 5 10
0
20
40
60
80
100
120
140
0 1 2 3 4
0
50
100
150
200
250
A B
C D E F
10Be concentration [106 atoms g-1]
26
A
l/1
0 B
e 
ra
tio
Time [m.y.]
D
ep
th
 [m
]
Gibber migration time [m.y.]
# 
m
od
el
s
Gibber surface arrival [m.y.] Bedrock erosion rate [m/m.y.] Soil thickness [m]
PIO-TS5
Figure E.9: PIO-TS5 MC4 (4-parameter) Monte Carlo-based inversion model out-
put. Colours correspond to models with slow (blue) to fast (red) erosion rates. A) The
26Al/10Be (±1σ uncertainty) domain that defines the accepted forward models. B) Ex-
humation paths of accepted models spanning the past 5 m.y. Note the rapid acceleration
that occurs when particles detach from bedrock and migrate upwards to the soil surface
(i.e. two-speed exhumation). Frequency distributions of accepted models are shown for
the four free-parameters: C) Gibber upward-migration time from base of soil to surface;
D) Gibber arrival time at soil surface; E) Bedrock erosion rate at the base of the soil,
and F) Soil thickness.
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Figure E.10: PIO-TS7 MC4 (4-parameter) Monte Carlo-based inversion model out-
put. Colours correspond to models with slow (blue) to fast (red) erosion rates. A) The
26Al/10Be (±1σ uncertainty) domain that defines the accepted forward models. B) Ex-
humation paths of accepted models spanning the past 5 m.y. Note the rapid acceleration
that occurs when particles detach from bedrock and migrate upwards to the soil surface
(i.e. two-speed exhumation). Frequency distributions of accepted models are shown for
the four free-parameters: C) Gibber upward-migration time from base of soil to surface;
D) Gibber arrival time at soil surface; E) Bedrock erosion rate at the base of the soil,
and F) Soil thickness.
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Figure E.11: PIO-TS9 MC4 (4-parameter) Monte Carlo-based inversion model out-
put. Colours correspond to models with slow (blue) to fast (red) erosion rates. A) The
26Al/10Be (±1σ uncertainty) domain that defines the accepted forward models. B) Ex-
humation paths of accepted models spanning the past 5 m.y. Note the rapid acceleration
that occurs when particles detach from bedrock and migrate upwards to the soil surface
(i.e. two-speed exhumation). Frequency distributions of accepted models are shown for
the four free-parameters: C) Gibber upward-migration time from base of soil to surface;
D) Gibber arrival time at soil surface; E) Bedrock erosion rate at the base of the soil,
and F) Soil thickness.
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Figure E.12: The ’overcomplicated’ MC6 (6-parameter) Monte Carlo-based inver-
sion model outputs for paired NIL-TOP-0 and NIL-TOP-70 samples. A) and B) The
26Al/10Be (±1σ uncertainty) domain that defines the accepted forward models for NIL-
TOP-0 (red) and NIL-TOP-70 (blue). C) Exhumation paths of accepted models spanning
the past 4 m.y. Note the additional particle burial due to soil accretion ∼1.5–0.5 m.y.
The six free-parameters are: D) initial soil thickness, E) soil accretion thickness, F) soil
accretion time (Tr), G) time of gibber bedrock detachment at base of soil (Tp), H) gibber
arrival time at soil surface (Ta), and I) bedrock erosion rate at the base of soil (Erate).
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Dunai, T. J., López, G. A. G. and Juez-Larr, J. (2005), ‘Oligocene-Miocene age of aridity
in the Atacama Desert revealed by exposure dating of erosion-sensitive landforms’,
Geology 33(4), 321–324.
Dunkerley, D. (2013), Vegetation Mosaics of Arid Western New South Wales, Australia:
Considerations of Their Origin and Persistence, in E. N. Mueller, J. Wainwright, A. J.
Parsons and L. Turnbull, eds, ‘Patterns of Land Degradation in Drylands: Under-
standing Self-Organised Ecogeomorphic Systems’, Springer Science and Business Media,
Dordrecht, book section 12, pp. 315–345.
Bibliography 202
Dunkerley, D. and Brown, K. (1995), ‘Runoff and runon areas in a patterned cheno-
pod shrubland, arid western New South Wales, Australia: characteristics and origin’,
Journal of arid Environments 30(1), 41–55.
Dunkerley, D. and Brown, K. (1999), ‘Banded vegetation near Broken Hill, Australia:
significance of surface roughness and soil physical properties’, Catena 37(1), 75–88.
Dunne, J., Elmore, D. and Muzikar, P. (1999), ‘Scaling factors for the rates of produc-
tion of cosmogenic nuclides for geometric shielding and attenuation at depth on sloped
surfaces’, Geomorphology 27(1), 3–11.
Dunne, T. (1991), ‘Stochastic aspects of the relations between climate, hydrology and
landform evolution’, Trans. Jpn. Geomorphol. Union 12(1), 1–24.
Egholm, D. L., Andersen, J. L., Knudsen, M. F., Jansen, J. D. and Nielsen, S. B. (2015),
‘The periglacial engine of mountain erosion-Part 2: Modelling large-scale landscape
evolution’, Earth Surf. Dynam 3, 463–482.
Egholm, D. L., Knudsen, M. F. and Sandiford, M. (2013), ‘Lifespan of mountain ranges
scaled by feedbacks between landsliding and erosion by rivers’, Nature 498(7455), 475–
8.
Fifield, L. K., Tims, S., Fujioka, T., Hoo, W. T. and Everett, S. (2010), ‘Accelerator
mass spectrometry with the 14UD accelerator at the Australian National University’,
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms 268(7), 858–862.
Fink, D. and Smith, A. (2007), ‘An inter-comparison of 10Be and 26Al AMS reference
standards and the 10Be half-life’, Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and Atoms 259(1), 600–609.
Fisher, A., Fink, D., Chappell, J. and Melville, M. (2014), ‘26Al/10Be dating of an aeolian
dust mantle soil in western New South Wales, Australia’, Geomorphology 219, 201–212.
Fisher, A. G. (2003), The Geomorphic Evolution of Australia Stony Deserts: An Applic-
ation of in Situ-produced Cosmogenic Radionuclide Analysis at the Fowlers Gap Arid
Zone Research Station, Phd thesis, University of New South Wales, Sydney, Australia.
Fleming, A., Summerfield, M., Stone, J. O., Fifield, L. K. and Cresswell, R. (1999),
‘Denudation rates for the southern Drakensberg escarpment, SE Africa, derived from
in-situ-produced cosmogenic 36Cl: initial results’, Journal of the Geological Society
156(2), 209–212.
Bibliography 203
Fujioka, T. (2007), Development of in situ cosmogenic 21Ne exposure dating, and dating
of Australian arid landforms by combined stable and radioactive in situ cosmogenic
nuclides, PhD Thesis, The Australian National University, Canberra, Australia.
Fujioka, T. and Chappell, J. (2010), ‘History of Australian aridity: chronology in the evol-
ution of arid landscapes’, Geological Society, London, Special Publications 346(1), 121–
139.
Fujioka, T. and Chappell, J. (2011), ‘Desert landscape processes on a timescale of millions
of years, probed by cosmogenic nuclides’, Aeolian Research 3(2), 157–164.
Fujioka, T., Chappell, J., Fifield, L. K. and Rhodes, E. J. (2009), ‘Australian desert dune
fields initiated with Pliocene-Pleistocene global climatic shift’, Geology 37(1), 51–54.
Fujioka, T., Chappell, J., Honda, M., Yatsevich, I., Fifield, K. and Fabel, D. (2005),
‘Global cooling initiated stony deserts in central Australia 24 Ma, dated by cosmogenic
21Ne-10Be’, Geology 33(12), 993–996.
Gardner, T. W. (1983), ‘Experimental study of knickpoint and longitudinal profile
evolution in cohesive, homogeneous material’, Geological Society of America Bulletin
94(5), 664–672.
Goethals, M. M., Hetzel, R., Niedermann, S., Wittmann, H., Fenton, C. R., Kubik, P. W.,
Christl, M. and von Blanckenburg, F. (2009), ‘An improved experimental determina-
tion of cosmogenic 10Be/21Ne and 26Al/21Ne production ratios in quartz’, Earth and
Planetary Science Letters 284(1–2), 187–198.
Gosse, J. C. and Phillips, F. M. (2001), ‘Terrestrial in situ cosmogenic nuclides: theory
and application’, Quaternary Science Reviews 20(14), 1475–1560.
Granger, D. E. (2006), ‘A review of burial dating methods using 26Al and 10Be’, Geological
Society of America Special Papers 415, 1–16.
Granger, D. E., Kirchner, J. W. and Finkel, R. (1996), ‘Spatially averaged long-term
erosion rates measured from in situ-produced cosmogenic nuclides in alluvial sediment’,
The Journal of Geology 104(3), 249–257.
Granger, D. E., Lifton, N. A. and Willenbring, J. K. (2013), ‘A cosmic trip: 25 years of cos-
mogenic nuclides in geology’, Geological Society of America Bulletin 125(9–10), 1379–
1402.
Granger, D. E. and Muzikar, P. F. (2001), ‘Dating sediment burial with in situ-produced
cosmogenic nuclides: theory, techniques, and limitations’, Earth and Planetary Science
Letters 188(1), 269–281.
Bibliography 204
Granger, D. E. and Schaller, M. (2014), ‘Cosmogenic nuclides and erosion at the watershed
scale’, Elements 10(5), 369–373.
Granger, D. E. and Smith, A. L. (2000), ‘Dating buried sediments using radioactive
decay and muogenic production of 26Al and 10Be’, Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions with Materials and Atoms 172(1), 822–
826.
Granger, D. and Riebe, C. (2007), ‘Cosmogenic nuclides in weathering and erosion’, Treat-
ise on geochemistry 5, 1–43.
Habeck-Fardy, A. and Nanson, G. C. (2014), ‘Environmental character and history of
the Lake Eyre Basin, one seventh of the Australian continent’, Earth-Science Reviews
132, 39–66.
Haberlah, D., Williams, M. A., Halverson, G., McTainsh, G. H., Hill, S. M., Hrstka,
T., Jaime, P., Butcher, A. R. and Glasby, P. (2010), ‘Loess and floods: High-resolution
multi-proxy data of Last Glacial Maximum (LGM) slackwater deposition in the Flinders
Ranges, semi-arid South Australia’, Quaternary Science Reviews 29(19), 2673–2693.
Hallsworth, E., Robertson, G. K. and Gibbons, F. (1955), ‘Studies in pedogenesis in New
South Wales’, European Journal of Soil Science 6(1), 1–31.
Hayakawa, Y. and Matsukura, Y. (2003), ‘Recession rates of waterfalls in Boso Peninsula,
Japan, and a predictive equation’, Earth Surface Processes and Landforms 28(6), 675–
684.
Heimsath, A. M., Chappell, J., Dietrich, W. E., Nishiizumi, K. and Finkel, R. C.
(2000), ‘Soil production on a retreating escarpment in southeastern Australia’, Geo-
logy 28(9), 787.
Heimsath, A. M., Chappell, J. and Fifield, K. (2010), ‘Eroding Australia: rates and
processes from Bega Valley to Arnhem Land’, Geological Society, London, Special Pub-
lications 346(1), 225–241.
Heimsath, A. M., Chappell, J., Spooner, N. A. and Questiaux, D. G. (2002), ‘Creeping
soil’, Geology 30(2), 111–114.
Heimsath, A. M., DiBiase, R. A. and Whipple, K. X. (2012), ‘Soil production limits and
the transition to bedrock-dominated landscapes’, Nature Geoscience 5(3), 210–214.
Heimsath, A. M., Dietrich, W. E., Nishiizumi, K. and Finkel, R. C. (1997), ‘The soil
production function and landscape equilibrium’, Nature 388(6640), 358–361.
Bibliography 205
Heimsath, A. M., Fink, D. and Hancock, G. R. (2009), ‘The humped soil production
function: eroding Arnhem Land, Australia’, Earth Surface Processes and Landforms
34(12), 1674–1684.
Heimsath, A. M., Furbish, D. J. and Dietrich, W. E. (2005), ‘The illusion of diffusion:
Field evidence for depth-dependent sediment transport’, Geology 33(12), 949–952.
Heisinger, B., Lal, D., Jull, A., Kubik, P., Ivy-Ochs, S., Knie, K. and Nolte, E. (2002a),
‘Production of selected cosmogenic radionuclides by muons: 2. Capture of negative
muons’, Earth and Planetary Science Letters 200(3), 357–369.
Heisinger, B., Lal, D., Jull, A., Kubik, P., Ivy-Ochs, S., Neumaier, S., Knie, K., Lazarev,
V. and Nolte, E. (2002b), ‘Production of selected cosmogenic radionuclides by muons:
1. Fast muons’, Earth and Planetary Science Letters 200(3), 345–355.
Hesse, P. P. (1994), ‘The record of continental dust from Australia in Tasman Sea sedi-
ments’, Quaternary Science Reviews 13(3), 257–272.
Hesse, P. P. (2010), ‘The Australian desert dunefields: formation and evolution in an old,
flat, dry continent’, Geological Society, London, Special Publications 346(1), 141–164.
Hesse, P. P. (2016), ‘How do longitudinal dunes respond to climate forcing? Insights
from 25 years of luminescence dating of the Australian desert dunefields’, Quaternary
International 410, 11–29.
Hesse, P. P., Magee, J. W. and van der Kaars, S. (2004), ‘Late Quaternary climates of
the Australian arid zone: a review’, Quaternary International 118, 87–102.
Hidy, A. J., Gosse, J. C., Blum, M. D. and Gibling, M. R. (2014), ‘Glacial–interglacial
variation in denudation rates from interior Texas, USA, established with cosmogenic
nuclides’, Earth and Planetary Science Letters 390, 209–221.
Hidy, A. J., Gosse, J. C., Pederson, J. L., Mattern, J. P. and Finkel, R. C. (2010),
‘A geologically constrained Monte Carlo approach to modeling exposure ages from
profiles of cosmogenic nuclides: An example from Lees Ferry, Arizona’, Geochemistry,
Geophysics, Geosystems 11.
Hillis, R. R., Sandiford, M., Reynolds, S. D. and Quigley, M. C. (2008), ‘Present-day
stresses, seismicity and Neogene-to-Recent tectonics of Australia’s passive margins: in-
traplate deformation controlled by plate boundary forces’, Geological Society, London,
Special Publications 306(1), 71–90.
Bibliography 206
Hippe, K., Kober, F., Zeilinger, G., Ivy-Ochs, S., Maden, C., Wacker, L., Kubik, P. W.
and Wieler, R. (2012), ‘Quantifying denudation rates and sediment storage on the east-
ern Altiplano, Bolivia, using cosmogenic 10Be, 26Al, and in situ 14C’, Geomorphology
179, 58–70.
Hovius, N., Stark, C. P. and Allen, P. A. (1997), ‘Sediment flux from a mountain belt
derived by landslide mapping’, Geology 25(3), 231–234.
Hu, X., Kirby, E., Pan, B., Granger, D. E. and Su, H. (2011), ‘Cosmogenic burial ages
reveal sediment reservoir dynamics along the Yellow River, China’, Geology 39(9), 839–
842.
Humphreys, G. S. and Wilkinson, M. T. (2007), ‘The soil production function: a brief
history and its rediscovery’, Geoderma 139(1), 73–78.
Insel, N., Ehlers, T. A., Schaller, M., Barnes, J. B., Tawackoli, S. and Poulsen, C. J.
(2010), ‘Spatial and temporal variability in denudation across the Bolivian Andes from
multiple geochronometers’, Geomorphology 122(1), 65–77.
Ivy-Ochs, S. and Briner, J. P. (2014), ‘Dating disappearing ice with cosmogenic nuclides’,
Elements 10(5), 351–356.
Jansen, J. D. (2006), ‘Flood magnitudefrequency and lithologic control on bedrock river
incision in post-orogenic terrain’, Geomorphology 82(1–2), 39–57.
Jansen, J. D., Nanson, G. C., Cohen, T. J., Fujioka, T., Fabel, D., Larsen, J. R., Codilean,
A. T., Price, D. M., Bowman, H. H., May, J. H. and Gliganic, L. A. (2013), ‘Lowland
river responses to intraplate tectonism and climate forcing quantified with luminescence
and cosmogenic 10Be’, Earth and Planetary Science Letters 366, 49–58.
Jessup, R. (1960), ‘The stony tableland soils of the southeastern portion of the Australian
arid zone and their evolutionary history’, Journal of Soil Science 11(2), 188–196.
Jungers, M. C., Bierman, P. R., Matmon, A., Nichols, K., Larsen, J. and Finkel, R.
(2009), ‘Tracing hillslope sediment production and transport with in situ and meteoric
10Be’, Journal of Geophysical Research: Earth Surface 114(F4), F04020.
Kirchner, J. W. and Ferrier, K. L. (2013), ‘Earth science: Mainly in the plain’, Nature
495(7441), 318–319.
Kirchner, J. W., Finkel, R. C., Riebe, C. S., Granger, D. E., Clayton, J. L., King, J. G.
and Megahan, W. F. (2001), ‘Mountain erosion over 10 yr, 10 ky, and 10 my time
scales’, Geology 29(7), 591–594.
Bibliography 207
Kirkby, M. (1971), Hillslope process-response models based on the continuity equation,
Slopes: Form and Process, Spec. Publ. 3, Institute of British Geographers, London.
Klein, J., Giegengack, R., Middleton, R., Sharma, P., Underwood, J. and Weeks, R.
(1986), ‘Revealing histories of exposure using in situ produced 26Al and 10Be in Libyan
desert glass’, Radiocarbon 28(2A), 547–555.
Kober, F., Ivy-Ochs, S., Schlunegger, F., Baur, H., Kubik, P. W. and Wieler, R. (2007),
‘Denudation rates and a topography-driven rainfall threshold in northern Chile: Mul-
tiple cosmogenic nuclide data and sediment yield budgets’, Geomorphology 83(1–2), 97–
120.
Kober, F., IvyOchs, S., Zeilinger, G., Schlunegger, F., Kubik, P. W., Baur, H. and Wieler,
R. (2009), ‘Complex multiple cosmogenic nuclide concentration and histories in the
arid Rio Lluta catchment, northern Chile’, Earth Surface Processes and Landforms
34(3), 398–412.
Kohl, C. and Nishiizumi, K. (1992), ‘Chemical isolation of quartz for measurement of
in-situ-produced cosmogenic nuclides’, Geochimica et Cosmochimica Acta 56(9), 3583–
3587.
Korschinek, G., Bergmaier, A., Faestermann, T., Gerstmann, U., Knie, K., Rugel, G.,
Wallner, A., Dillmann, I., Dollinger, G., Von Gostomski, C. L., Kossert, K., Maiti, M.,
Poutivtsev, M. and Remmert, A. (2010), ‘A new value for the half-life of 10Be by heavy-
ion elastic recoil detection and liquid scintillation counting’, Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms
268(2), 187–191.
Kotwicki, V. (1986), ‘Floods of Lake Eyre’.
Kotwicki, V. and Isdale, P. (1991), ‘Hydrology of Lake Eyre, Australia: El Nino link’,
Palaeogeography, palaeoclimatology, palaeoecology 84(1–4), 87–98.
Kubik, P. W., Ivy-Ochs, S., Masarik, J., Frank, M. and Schluchter, C. (1998), ‘10Be
and 26Al production rates deduced from an instantaneous event within the dendro-
calibration curve, the landslide of Kofels, Otz Valley, Austria’, Earth and Planetary
Science Letters 161, 231–241.
Kuehl, S. A., Allison, M. A., Goodbred, S. L. and Kudrass, H. (2005), ‘The Ganges-
Brahmaputra delta’, SPECIAL PUBLICATION-SEPM 83, 413.
Kurz, M. D. (1986a), ‘Cosmogenic helium in a terrestrial igneous rock’, Nature
320(6061), 435–439.
Bibliography 208
Kurz, M. D. (1986b), ‘In situ production of terrestrial cosmogenic helium and some ap-
plications to geochronology’, Geochimica et Cosmochimica Acta 50(12), 2855–2862.
Laity, J. J. (2009), Deserts and desert environments, Vol. 3, Wiley-Blackwell, Chichester.
Lal, D. (1991), ‘Cosmic ray labeling of erosion surfaces: in situ nuclide production rates
and erosion models’, Earth and Planetary Science Letters 104, 424–439.
Lifton, N. A., Bieber, J. W., Clem, J. M., Duldig, M. L., Evenson, P., Humble, J. E. and
Pyle, R. (2005), ‘Addressing solar modulation and long-term uncertainties in scaling
secondary cosmic rays for in situ cosmogenic nuclide applications’, Earth and Planetary
Science Letters 239(1), 140–161.
Ludwig, J. A., Wilcox, B. P., Breshears, D. D., Tongway, D. J. and Imeson, A. C. (2005),
‘Vegetation patches and runofferosion as interacting ecohydrological processes in semi-
arid landscapes’, Ecology 86(2), 288–297.
Lupker, M., Blard, P.-H., Lav, J., France-Lanord, C., Leanni, L., Puchol, N., Charreau, J.
and Bourls, D. (2012), ‘10Be-derived Himalayan denudation rates and sediment budgets
in the Ganga basin’, Earth and Planetary Science Letters 333–334, 146–156.
Mabbutt, J. (1966), ‘Landforms of the western Macdonnell Ranges’, Essays in Geomor-
phology. Heinemann, London pp. 83–119.
Mabbutt, J. (1988), ‘Australian desert landscapes’, GeoJournal 16(4), 355–369.
Mabbutt, J. A. (1977), Desert landforms, Australian National University Press, Canberra.
Magee, J. W., Miller, G. H., Spooner, N. A. and Questiaux, D. (2004), ‘Continuous
150 ky monsoon record from Lake Eyre, Australia: insolation-forcing implications and
unexpected Holocene failure’, Geology 32(10), 885–888.
Maroulis, J. C., Nanson, G. C., Price, D. M. and Pietsch, T. (2007), ‘Aeolianfluvial
interaction and climate change: source-bordering dune development over the past 100ka
on Cooper Creek, central Australia’, Quaternary Science Reviews 26(3–4), 386–404.
Marti, K. and Craig, H. (1987), ‘Cosmic-ray-produced neon and helium in the summit
lavas of Maui’, Nature 325(6102), 335–337.
Martin, H. (2006), ‘Cenozoic climatic change and the development of the arid vegetation
in Australia’, Journal of Arid Environments 66(3), 533–563.
Matmon, A., Bierman, P., Larsen, J., Southworth, S., Pavich, M. and Caffee, M. (2003b),
‘Temporally and spatially uniform rates of erosion in the southern Appalachian Great
Smoky Mountains’, Geology 31(2), 155–158.
Bibliography 209
Matmon, A., Bierman, P., Larsen, J., Southworth, S., Pavich, M., Finkel, R. and Caffee,
M. (2003a), ‘Erosion of an ancient mountain range, the Great Smoky Mountains, North
Carolina and Tennessee’, American Journal of Science 303(9), 817–855.
Matmon, A., Mushkin, A., Enzel, Y., Grodek, T. and Team, A. (2013), ‘Erosion of a
granite inselberg, Gross Spitzkoppe, Namib desert’, Geomorphology 201, 52–59.
Matmon, A., Simhai, O., Amit, R., Haviv, I., Porat, N., McDonald, E., Benedetti, L.
and Finkel, R. (2009), ‘Desert pavement-coated surfaces in extreme deserts present
the longest-lived landforms on Earth’, Geological Society of America Bulletin 121(5–
6), 688–697.
Matmon, A., Stock, G. M., Granger, D. E. and Howard, K. A. (2012), ‘Dating of Pliocene
Colorado River sediments: Implications for cosmogenic burial dating and the evolution
of the lower Colorado River’, Geological Society of America Bulletin 124(3–4), 626–640.
McFadden, L. D., McDonald, E. V., Wells, S. G., Anderson, K., Quade, J. and Forman,
S. L. (1998), ‘The vesicular layer and carbonate collars of desert soils and pavements:
formation, age and relation to climate change’, Geomorphology 24(2), 101–145.
McFadden, L. D., Wells, S. G. and Jercinovich, M. J. (1987), ‘Influences of eolian and pe-
dogenic processes on the origin and evolution of desert pavements’, Geology 15(6), 504–
508.
McGowran, B., Holdgate, G., Li, Q. and Gallagher, S. (2004), ‘Cenozoic stratigraphic
succession in southeastern Australia’, Australian Journal of Earth Sciences 51(4), 459–
496.
McKean, J. A., Dietrich, W. E., Finkel, R. C., Southon, J. R. and Caffee, M. W. (1993),
‘Quantification of soil production and downslope creep rates from cosmogenic 10Be
accumulations on a hillslope profile’, Geology 21(4), 343–346.
McMahon, T. A., Murphy, R. E., Peel, M. C., Costelloe, J. F. and Chiew, F. H. S. (2008),
‘Understanding the surface hydrology of the Lake Eyre Basin: Part 1Rainfall’, Journal
of Arid Environments 72(10), 1853–1868.
McNally, G. and Wilson, I. (1995), ‘Silcretes of the Mirackina Palaeochannel, Arckaringa,
South Australia’, AGSO Journal of Australian Geology and Geophysics 16(3), 295–302.
Metzger, C. and Retallack, G. (2010), ‘Paleosol record of Neogene climate change in the
Australian outback’, Australian Journal of Earth Sciences 57(7), 871–885.
Mifsud, C., Fujioka, T. and Fink, D. (2013), ‘Extraction and purification of quartz in rock
using hot phosphoric acid for in situ cosmogenic exposure dating’, Nuclear Instruments
Bibliography 210
and Methods in Physics Research Section B: Beam Interactions with Materials and
Atoms 294, 203–207.
Milliman, J. D. and Syvitski, J. P. (1992), ‘Geomorphic/tectonic control of sediment
discharge to the ocean: the importance of small mountainous rivers’, The Journal of
Geology 100(5), 525–544.
Montgomery, D. R. (2003), ‘Predicting landscape-scale erosion rates using digital elevation
models’, Comptes Rendus Geoscience 335(16), 1121–1130.
Montgomery, D. R. (2007), ‘Soil erosion and agricultural sustainability’, Proceedings of
the National Academy of Sciences 104(33), 13268–13272.
Montgomery, D. R. and Brandon, M. T. (2002), ‘Topographic controls on erosion rates in
tectonically active mountain ranges’, Earth and Planetary Science Letters 201(3), 481–
489.
Muhs, D. R., Budahn, J., Avila, A., Skipp, G., Freeman, J. and Patterson, D. (2010),
‘The role of African dust in the formation of Quaternary soils on Mallorca, Spain and
implications for the genesis of Red Mediterranean soils’, Quaternary Science Reviews
29(19), 2518–2543.
Nanson, G. C., Price, D. M., Jones, B. G., Maroulis, J. C., Coleman, M., Bowman, H.,
Cohen, T. J., Pietsch, T. J. and Larsen, J. R. (2008), ‘Alluvial evidence for major
climate and flow regime changes during the middle and late Quaternary in eastern
central Australia’, Geomorphology 101(1–2), 109–129.
Nanson, G. C., Price, D. M. and Short, S. A. (1992), ‘Wetting and drying of Australia
over the past 300 ka’, Geology 20(9), 791–794.
Nanson, G. C., Tooth, S. and Knighton, A. D. (2002), A global perspective on dryland
rivers: perceptions, misconceptions and distinctions, Vol. 388, John Wiley and Sons:
Chichester.
Nanson, G., Chen, X. and Price, D. (1995), ‘Aeolian and fluvial evidence of changing
climate and wind patterns during the past 100 ka in the western Simpson Desert,
Australia’, Palaeogeography, Palaeoclimatology, Palaeoecology 113(1), 87–102.
Nichols, K. K., Bierman, P. R., Hooke, R. L., Clapp, E. M. and Caffee, M. (2002), ‘Quan-
tifying sediment transport on desert piedmonts using 10Be and 26Al’, Geomorphology
45(1), 105–125.
Niedermann, S. (2002), ‘Cosmic-ray-produced noble gases in terrestrial rocks: dating tools
for surface processes’, Reviews in Mineralogy and Geochemistry 47(1), 731–784.
Bibliography 211
Nishiizumi, K. (2004), ‘Preparation of 26Al AMS standards’, Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms
223, 388–392.
Nishiizumi, K., Caffee, M., Finkel, R., Brimhall, G. and Mote, T. (2005), ‘Remnants of
a fossil alluvial fan landscape of Miocene age in the Atacama Desert of northern Chile
using cosmogenic nuclide exposure age dating’, Earth and Planetary Science Letters
237(3), 499–507.
Nishiizumi, K., Imamura, M., Caffee, M. W., Southon, J. R., Finkel, R. C. and McAninch,
J. (2007), ‘Absolute calibration of 10Be AMS standards’, Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms
258(2), 403–413.
Nishiizumi, K., Lal, D., Klein, J., Middleton, R. and Arnold, J. (1986), ‘Production of
10Be and 26Al by cosmic rays in terrestrial quartz in situ and implications for erosion
rates’, Nature 319(6049), 134–136.
Nishiizumi, K., Winterer, E. L., Kohl, C. P., Klein, J., Middleton, R., Lal, D. and Arnold,
J. R. (1989), ‘Cosmic Ray Production Rates of 10Be and 26Al in Quartz From Glacially
Polished Rocks’, Journal of Geophysical Research 94(B12), 17,907–17,915.
Norris, T., Gancarz, A., Rokop, D. and Thomas, K. (1983), Half-life of 26Al, in ‘Lunar
and planetary science conference proceedings’, Vol. 14, pp. B331–B333.
Norton, K. P., von Blanckenburg, F. and Kubik, P. W. (2010), ‘Cosmogenic nuclide-
derived rates of diffusive and episodic erosion in the glacially sculpted upper Rhone
Valley, Swiss Alps’, Earth Surface Processes and Landforms 35(6), 651–662.
Ollier, C. (1966), ‘Desert gilgai’, Nature 212, 581–583.
Owen, J. J., Amundson, R., Dietrich, W. E., Nishiizumi, K., Sutter, B. and Chong, G.
(2011), ‘The sensitivity of hillslope bedrock erosion to precipitation’, Earth Surface
Processes and Landforms 36(1), 117–135.
Owen, J. J., Dietrich, W. E., Nishiizumi, K., Chong, G. and Amundson, R. (2013),
‘Zebra stripes in the Atacama Desert: Fossil evidence of overland flow’, Geomorphology
182, 157–172.
Pain, C. and Ollier, C. (1995), ‘Inversion of relief-a component of landscape evolution’,
Geomorphology 12(2), 151–165.
Paola, C., Heller, P. L. and Angevine, C. L. (1992), ‘The large-scale dynamics of grain-size
variation in alluvial basins, 1: Theory’, Basin Research 4(2), 73–90.
Bibliography 212
Peizhen, Z., Molnar, P. and Downs, W. R. (2001), ‘Increased sedimentation rates and
grain sizes 2-4 Myr ago due to the influence of climate change on erosion rates’, Nature
410(6831), 891.
Phillips, F. M., Leavy, B. D., Jannik, N. O., Elmore, D. and Kubik, P. W. (1986), ‘The
accumulation of cosmogenic chlorine-36 in rocks: A method for surface exposure dating’,
Science 231, 41–44.
Pinet, P. and Souriau, M. (1988), ‘Continental erosion and large-scale relief’, Tectonics
7(3), 563–582.
Placzek, C., Matmon, A., Granger, D., Quade, J. and Niedermann, S. (2010), ‘Evid-
ence for active landscape evolution in the hyperarid Atacama from multiple terrestrial
cosmogenic nuclides’, Earth and Planetary Science Letters 295(1), 12–20.
Poesen, J. W., van Wesemael, B., Bunte, K. and Benet, A. S. (1998), ‘Variation of rock
fragment cover and size along semiarid hillslopes: a case-study from southeast Spain’,
Geomorphology 23(2), 323–335.
Portenga, E. W. and Bierman, P. R. (2011), ‘Understanding Earths eroding surface with
10Be’, GSA Today 21(8), 4–10.
Pye, K. (1984), ‘Loess’, Progress in Physical Geography 8(2), 176–217.
Quigley, M. C., Clark, D. and Sandiford, M. (2010), ‘Tectonic geomorphology of Aus-
tralia’, Geological Society, London, Special Publications 346(1), 243–265.
Raymond, O., Liu, S., Gallagher, R., Zhang, W. and Highet, L. (2012), ‘Surface Geology
of Australia 1:1 million scale (2012 edition)’, Commonwealth of Australia (Geoscience
Australia) .
Reeves, J. M., Barrows, T. T., Cohen, T. J., Kiem, A. S., Bostock, H. C., Fitzsimmons,
K. E., Jansen, J. D., Kemp, J., Krause, C. and Petherick, L. (2013), ‘Climate variability
over the last 35,000 years recorded in marine and terrestrial archives in the Australian
region: an OZ-INTIMATE compilation’, Quaternary Science Reviews 74, 21–34.
Reheis, M. C., Goodmacher, J. C., Harden, J. W., McFadden, L. D., Rockwell, T. K.,
Shroba, R. R., Sowers, J. M. and Taylor, E. M. (1995), ‘Quaternary soils and dust
deposition in southern Nevada and California’, Geological Society of America Bulletin
107(9), 1003–1022.
Reid, I. and Frostick, L. E. (1985), Arid zone slopes and their archaeological materials,
in A. F. Pitty, ed., ‘Themes in Geomorphology’, Croom Helm, London, pp. 141–157.
Bibliography 213
Riebe, C. S., Kirchner, J. W., Granger, D. E. and Finkel, R. C. (2000), ‘Erosional equilib-
rium and disequilibrium in the Sierra Nevada, inferred from cosmogenic 26Al and 10Be
in alluvial sediment’, Geology 28(9), 803–806.
Roering, J. J., Kirchner, J. W. and Dietrich, W. E. (1999), ‘Evidence for nonlinear,
diffusive sediment transport on hillslopes and implications for landscape morphology’,
Water Resources Research 35(3), 853–870.
Roering, J. J., Perron, J. T. and Kirchner, J. W. (2007), ‘Functional relationships
between denudation and hillslope form and relief’, Earth and Planetary Science Letters
264(1), 245–258.
Rogers, P. and Freeman, P. (1996), ‘WARRINA map sheet’, South Australia Geological
Survey, Geological Atlas 1:250000 Series, sheet SH 53-3 .
Romans, B. W., Castelltort, S., Covault, J. A., Fildani, A. and Walsh, J. (2016), ‘Envir-
onmental signal propagation in sedimentary systems across timescales’, Earth-Science
Reviews 153, 7–29.
Safran, E. B., Bierman, P. R., Aalto, R., Dunne, T., Whipple, K. X. and Caffee, M.
(2005), ‘Erosion rates driven by channel network incision in the Bolivian Andes’, Earth
Surface Processes and Landforms 30(8), 1007–1024.
Sandiford, M. (2002), ‘Low thermal Peclet number intraplate orogeny in central Australia’,
Earth and Planetary Science Letters 201(2), 309–320.
Sandiford, M. and Quigley, M. (2009), ‘TOPO-OZ: Insights into the various modes of
intraplate deformation in the Australian continent’, Tectonophysics 474(1), 405–416.
Sandiford, M., Quigley, M., de Broekert, P. and Jakica, S. (2009), ‘Tectonic framework
for the Cenozoic cratonic basins of Australia’, Australian Journal of Earth Sciences
56(S1), S5–S18.
Sandiford, M., Wallace, M. and Coblentz, D. (2004), ‘Origin of the in situ stress field in
southeastern Australia’, Basin Research 16(3), 325–338.
Schaller, M., Blanckenburg, F. v., Hovius, N., Veldkamp, A., van den Berg, M. W. and Ku-
bik, P. (2004), ‘Paleoerosion rates from cosmogenic 10Be in a 1.3 Ma terrace sequence:
response of the River Meuse to changes in climate and rock uplift’, The Journal of
Geology 112(2), 127–144.
Schaller, M., von Blanckenburg, F., Veldkamp, A., Tebbens, L., Hovius, N. and Kubik, P.
(2002), ‘A 30,000 yr record of erosion rates from cosmogenic 10Be in middle European
river terraces’, Earth and Planetary Science Letters 204(1), 307–320.
Bibliography 214
Scharf, T. E., Codilean, A. T., de Wit, M., Jansen, J. D. and Kubik, P. W. (2013), ‘Strong
rocks sustain ancient postorogenic topography in southern Africa’, Geology 41(3), 331–
334.
Schmidt, K. M. and Montgomery, D. R. (1995), ‘Limits to relief’, Science 270(5236), 617.
Schneider, C. A., Rasband, W. S. and Eliceiri, K. W. (2012), ‘NIH Image to ImageJ: 25
years of image analysis’, Nat methods 9(7), 671–675.
Schumm, S. (1993), ‘River response to baselevel change: implications for sequence strati-
graphy’, The Journal of Geology 101(2), 279–294.
Schumm, S. A. (1977), ‘The fluvial system’.
Selby, M. J. (1982), Hillslope materials and processes, Oxford University Press, New York.
Shepherd, M. and Price, D. (1990), ‘Thermoluminescence dating of late Quaternary dune
sand, Manawatu/Horowhenua area, New Zealand: a comparison with 14C age determ-
inations’, New Zealand journal of geology and geophysics 33(4), 535–539.
Simon-Coinon, R., Milnes, A., Thiry, M. and Wright, M. (1996), ‘Evolution of landscapes
in northern South Australia in relation to the distribution and formation of silcretes’,
Journal of the Geological Society 153(3), 467–480.
Small, E. E., Anderson, R. S., Repka, J. L. and Finkel, R. (1997), ‘Erosion rates of alpine
bedrock summit surfaces deduced from in situ 10Be and 26Al’, Earth and Planetary
Science Letters 150(3–4), 413–425.
Springer, M. (1958), ‘Desert pavement and vesicular layer of some soils of the desert of
the Lahontan Basin, Nevada’, Soil Science Society of America Journal 22(1), 63–66.
Stone, J. O. (2000), ‘Air pressure and cosmogenic isotope production’, Journal of Geo-
physical Research 105(B10), 23753.
Summerfield, M. and Hulton, N. (1994), ‘Natural controls of fluvial denudation rates in
major world drainage basins’, Journal of Geophysical Research 99(B7), 13871–13883.
Taylor, J. (1991), ‘Computer programs for standardless quantitative analysis of minerals
using the full powder diffraction profile’, Powder diffraction 6(01), 2–9.
Thiry, M. and Milnes, A. R. (1991), ‘Pedogenic and groundwater silcretes at Stuart Creek
opal field, South Australia’, Journal of Sedimentary Research 61(1).
Twidale, C. (1972), ‘Landform development in the Lake Eyre region, Australia’, Geo-
graphical Review 62(1), 40–70.
Bibliography 215
Twidale, C. R. (1994), ‘Gondwanan (Late Jurassic and Cretaceous) palaeosurfaces of the
Australian craton’, Palaeogeography, Palaeoclimatology, Palaeoecology 112(1), 157–186.
Van der Zwan, C. (2002), ‘The impact of Milankovitch-scale climatic forcing on sediment
supply’, Sedimentary Geology 147(3), 271–294.
Vermeesch, P. (2007), ‘CosmoCalc: An Excel add-in for cosmogenic nuclide calculations’,
Geochemistry, Geophysics, Geosystems 8(8).
Vermeesch, P., Fenton, C., Kober, F., Wiggs, G., Bristow, C. S. and Xu, S. (2010), ‘Sand
residence times of one million years in the Namib Sand Sea from cosmogenic nuclides’,
Nature Geoscience 3(12), 862–865.
von Blanckenburg, F. (2005), ‘The control mechanisms of erosion and weathering at basin
scale from cosmogenic nuclides in river sediment’, Earth and Planetary Science Letters
237(3–4), 462–479.
von Blanckenburg, F. and Willenbring, J. K. (2014), ‘Cosmogenic nuclides: Dates and
rates of Earth-surface change’, Elements 10(5), 341–346.
Waclawik, V. G., Lang, S. C. and Krapf, C. B. E. (2008), ‘Fluvial response to tectonic
activity in an intra-continental dryland setting: The Neales River, Lake Eyre, Central
Australia’, Geomorphology 102(1), 179–188.
Walcek, A. A. and Hoke, G. D. (2012), ‘Surface uplift and erosion of the southernmost
Argentine Precordillera’, Geomorphology 153, 156–168.
Warren, R. G. and Shaw, R. D. (1995), ‘Hermannsburg. 1:250,000 Geological sheet and
explanatory notes’, Australian Geological Survey Organisation, Northern Territory Geo-
logical Survey, Darwin .
Warrick, J., Milliman, J. D., Walling, D., Wasson, R., Syvitski, J. and Aalto, R. (2014),
‘Earth is (mostly) flat: Apportionment of the flux of continental sediment over millen-
nial time scales: Comment’, Geology 42(1), e316–e316.
Wasson, R. J., Fitchett, K., Mackey, B. and Hyde, R. (1988), ‘Large-scale patterns of
dune type, spacing and orientation in the Australian continental dunefield’, Australian
Geographer 19(1), 89–104.
Webb, S. (2008), ‘Megafauna demography and late Quaternary climatic change in Aus-
tralia: A predisposition to extinction’, Boreas 37(3), 329–345.
Webb, S. (2009), ‘Late Quaternary distribution and biogeography of the southern Lake
Eyre basin (SLEB) megafauna, South Australia’, Boreas 38(1), 25–38.
Bibliography 216
Wells, S. G., Dohrenwend, J. C., McFadden, L. D., Turrin, B. D. and Mahrer, K. D.
(1985), ‘Late Cenozoic landscape evolution on lava flow surfaces of the Cima volcanic
field, Mojave Desert, California’, Geological Society of America Bulletin 96(12), 1518–
1529.
Wells, S. G., McFadden, L. D., Poths, J. and Olinger, C. T. (1995), ‘Cosmogenic 3He
surface-exposure dating of stone pavements: Implications for landscape evolution in
deserts’, Geology 23(7), 613–616.
White, M. E. (1994), After the greening: the browning of Australia, Kangaroo Press
Kenhurst, New South Wales, Australia.
Wilcken, K., Fink, D., Hotchkis, M., Garton, D., Button, D., Mann, M., Kitchen, R.,
Hauser, T. and O´Connor, A. (2017), ‘Accelerator Mass Spectrometry on SIRIUS: New
6MV spectrometer at ANSTO’, Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and Atoms 1, 278–282.
Willenbring, J. K., Codilean, A. T., Ferrier, K. L., McElroy, B. and Kirchner, J. W.
(2014), ‘Short Communication: Earth is (mostly) flat, but mountains dominate global
denudation: apportionment of the continental mass flux over millennial time scales,
revisited’, Earth Surface Dynamics Discussions 2(1), 1–17.
Willenbring, J. K., Codilean, A. T. and McElroy, B. (2013), ‘Earth is (mostly) flat:
Apportionment of the flux of continental sediment over millennial time scales’, Geology
41(3), 343–346.
Wittmann, H., Malus, M. G., Resentini, A., Garzanti, E. and Niedermann, S. (2016), ‘The
cosmogenic record of mountain erosion transmitted across a foreland basin: Source-to-
sink analysis of in situ 10Be, 26Al and 21Ne in sediment of the Po river catchment’,
Earth and Planetary Science Letters 452, 258–271.
Wittmann, H. and von Blanckenburg, F. (2009), ‘Cosmogenic nuclide budgeting of flood-
plain sediment transfer’, Geomorphology 109(3–4), 246–256.
Wittmann, H. and von Blanckenburg, F. (2016), ‘The geological significance of cosmogenic
nuclides in large lowland river basins’, Earth-Science Reviews 159, 118–141.
Wittmann, H., von Blanckenburg, F., Guyot, J. L., Maurice, L. and Kubik, P. W. (2009),
‘From source to sink: Preserving the cosmogenic 10Be-derived denudation rate signal
of the Bolivian Andes in sediment of the Beni and Mamor foreland basins’, Earth and
Planetary Science Letters 288(3–4), 463–474.
Bibliography 217
Wittmann, H., von Blanckenburg, F., Maurice, L., Guyot, J. L. and Kubik, P. W. (2011),
‘Recycling of Amazon floodplain sediment quantified by cosmogenic 26Al and 10Be’,
Geology 39(5), 467–470.
Wopfner, H. (1968), ‘Cretaceous sediments on the Mt Margaret Plateau and evidence for
neo-tectonism’, Geological Survey of South Australia Quarterly Geological Notes 28, 7–
11.
Wopfner, H. (1978), Silcretes of northern South Australia and adjacent regions, in
T. Langford-Smith, ed., ‘Silcrete in Australia’, University of New England, Armidale,
pp. 93–141.
